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ABSTRACT OF DISSERTATION

INVESTIGATING MECHANISMS OF INJURY AND INTERVENTION IN A NOVEL
IN VITRO MODEL OF TRAUMATIC BRAIN INJURY IN ORGANOTYPIC
HIPPOCAMPAL SLICE CULTURES
Traumatic brain injuries (TBIs) impact millions of individuals each year and can
pose long term consequences. Despite numerous attempts, no medication has been
approved by the FDA to treat TBIs. The causes of these failed trials are multifaceted, but
in part can be attributed to the complex nature of TBIs, as well as a lack of sufficient preclinical data. In vitro models of TBI are an important tool to help understand the cellular
changes seen following the injury, in a highly controlled environment. For the following
experiments, a novel model of TBI was used to injure organotypic hippocampal slice
cultures, harvested from eight-day old Sprague Dawley rat pups. The focus of
experiment 1 was to begin characterizing a new model as a valid model of TBI. A spinal
cord injury impactor was used to administer a stretch injury to the tissue. To assess the
damage, slices were stained with propidium iodide (PI), NeuN, or DCFH-DA. Generally,
injured tissue showed an increase in PI and DCF fluorescence while NeuN fluorescence
was unaffected. The purpose of experiment 2 was to determine the effect of ethanol preexposure on the injury. Between 25-50% of people are intoxicated at the time of injury,
but the effects of alcohol are unknown. In the current experiment, tissue was
administered ethanol for two days prior to the injury. Post injury, tissue was stained with
PI and NeuN. Generally, the effect of ethanol pre-exposure on these outcome measures
was dependent on the severity of the injury. The purpose of experiment 3 was to reduce
the effect of the injury. N-acetylcysteine amide (NACA) works by increasing levels of
glutathione to reduce ROS related damage. NACA was given immediately post injury
and tissue was assessed with PI, NeuN, and DCFH-DA. There was no benefit of NACA,
as the timing and concentrations of NACA used were not optimal. The data from these
studies suggest the model can be a beneficial tool for studying TBIs. However, further
research is necessary to determine the biochemical workings of the injuries.
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CHAPTER 1. CHARACTERIZING A NOVEL MODEL OF TBI IN OHSCS
1.1

Introduction
1.1.1

Traumatic Brain Injuries

Traumatic brain injuries (TBIs) continue to be a prevalent health issue, with 2.5 to
2.8 million individuals in the United States (Center for Disease Control and Prevention,
2015; Taylor et al., 2017) and 69 million people globally estimated to suffer from a TBI
each year (Dewan et al., 2018). These estimates are conservative, as TBIs are
underreported for a variety of reasons including outpatient treatment, multi-injury
traumas, lack of TBI education, and inaccessibility to health care (Faul and Coronado,
2015; Rodriguez et al., 2006; Schootman and Fuortes, 2000; Tolonen et al., 2007). Over
64,000 TBI patients in the U.S. die as a result of their injuries each year (Center for
Disease Control and Prevention, 2022a). Even if the person survives their initial injury,
sustaining a TBI decreases life expectancy (Brooks et al., 2015; Fuller et al., 2016;
Harrison-Felix et al., 2004; Harrison-Felix et al., 2009; Masel and DeWitt, 2010;
McMillan et al., 2011). In addition to the death toll, TBIs are responsible for a significant
economic burden of $76 billion dollars in the U.S. each year (CDC, 2022b; Finkelstein et
al., 2006). Productivity loss associated with TBIs costs more than productivity loss
associated with any other type of injury (Faul and Coronado, 2015). In addition to the
national financial burden, TBIs place a considerable financial burden on the patient and
their family. Individuals who experience TBIs also experience higher health care costs,
even several years post injury compared to matched controls (Leibson et al., 2012).
Severe TBIs are associated with higher health care costs than milder TBIs (Leibson et al.,
2012). Lifetime cost of caring for an individual with a severe TBI can cost upwards of
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$1,875,000 dollars (“Brain Injury Costs”, 2017). To further complicate the financial
burden, individuals who sustain TBIs experience drastically high rates of unemployment.
Estimates for unemployment two years following injury is between 42% (Doctor et al.,
2005) and 60% (Cuthbert et al., 2015). These statistics are particularly troubling since
employment is associated with better patient outcomes and better quality of life
(reviewed in Wehman et al., 2005).
1.1.2

Symptoms and Treatments

Traumatic brain injuries range in severity and symptomology, but acutely may
cause impairments in cognition and social skills such as deficits in impulsivity, risk
taking, memory, and decreased adaptability (for review, see Ozga et al., 2018). The longterm effects of TBIs can also vary, but sustaining a TBI is associated with increased risk
of developing mental and neurodegenerative concerns related to mood, anxiety,
attention, personality, substance use disorders and increased suicidality (reviewed in
Ozga et al., 2018; Warriner and Velikonja, 2006), post-traumatic epilepsy (Agrawal et al.,
2006; Englander et al., 2014; Uski et al., 2018), and dementias (Delic et al., 2020;
Gardner et al., 2014; Shively et al., 2012; Sivanandam and Kumar Thakur, 2012).
Despite the pervasive and detrimental nature of TBIs, there has been little success in
developing an effective therapeutic (Maas et al., 2010; Narayan et al., 2000; Xiong et al.,
2009).
Numerous medications targeting various cellular mechanisms have entered into
clinical trials, however, none have demonstrated a consistent, beneficial effect (Maas et
al., 2010; Narayan et al., 2002; Xiong et al., 2009). The failure of these clinical trials has
been multifarious. Traumatic brain injuries are diverse in nature and encompass a wide
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range of pathologies seen following an insult to the head. The initial impact causes the
brain to move within the skull, resulting in hematomas, skull fracturing, contusions, and
axonal shearing (Coles, 2004; Park et al., 2008; Prins et al., 2013; Xiong et al., 2015).
These primary injuries trigger a cascade of biochemical signaling, such as excitotoxicity
(Guerriero et al., 2015), neuroinflammation (Bianchi, 2007; Borgens and Snyder, 2012;
Corps et al., 2015), and mitochondrial dysfunction (Hiebert et al., 2015) that results in
secondary injury (Hawryluk and Manley, 2015; McKee and Daneshvar, 2015), including
edema, ischemia, and hemorrhage (Borgens and Snyder, 2012). Drugs that have entered
clinical trials have targeted different mechanism of secondary injury to alleviate
symptoms of TBI such as reducing glutamate levels, scavenging free radicals, modulating
inflammation, and reducing mitochondrial dysfunction, etc. (Beauchamp et al., 2008;
Narayan et al., 2002). While secondary injury provides a therapeutic window (Park et al.,
2008; McKee and Daneshvar, 2015), the complex biochemical processes also complicate
treatment (McKee and Daneshvar, 2015; Morales et al., 2005; Schouten, 2007; Shultz et
al., 2017). While it is possible that the drugs entered into clinical trials may truly not be
efficacious, it is important to acknowledge that the trials have been plagued with issues.
Clinical trials for TBI treatments have suffered from poor design, lack of standardization,
inconsistent or incorrect treatment outcomes, and lack of solid preclinical data (Narayan
et al., 2002). Another concern is that, even in trials where sufficient preclinical data was
collected, animal models of TBI may not be able to fully represent clinical TBIs (Morales
et al., 2005).
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1.1.3

Modeling Traumatic Brain Injury

There are several different models of TBI in both live animal and in vitro which
may be able to target different aspects of clinical TBIs (Xiong et al., 2013). Common
approaches include weight drop models, impact acceleration models, controlled cortical
impact models, fluid percussion models, and blast injury models (for review see Xiong et
al., 2013). Each model provides different benefits and limitations and it is recommended
that multiple models be used to better elucidate the biochemical processes triggered by
TBIs (Cernak, 2005; Povlishock et al., 1994). Common drawbacks to current models are
a lack of reproducibility, the need to perform a craniotomy, and high rates of mortality
(Xiong et al., 2013). While rodent models are more commonly used, and therefore better
characterized than larger animal models, they pose a concern over the translatability
(Johnson et al., 2015; Xiong et al.,2013). There are also in vitro models of TBI, both
using dissociated cell cultures and organotypic slice cultures. Cell cultures are a valuable
tool to study diseases, disorders, and cellular function in a highly controlled environment
(Morrison et al., 2011). Cell cultures also provide a way to reduce the number of
laboratory animals used as well as the distress the animals endure (Humpel, 2015).
While dissociated cell cultures can be helpful for studying specific populations of cells,
their isolation from their natural environment and tissue structure can hinder
translatability (Humpel, 2015). Organotypic slice cultures maintain the benefits of cell
culture and maintain the majority of their cellular structure, allowing the cellular and
molecular workings of the tissue persist (Humpel, 2015). Slice cultures can serve as an
important middle ground between dissociated cell cultures and live animal studies. Slice
cultures may be particularly beneficial for TBIs, given the need for further investigation
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into the complex biochemical processes triggered. As with live animals, there are
multiple models of TBI in vitro. In culture, the compression models mirror the live
animal weight drop model using a stylus positioned above the tissue and dropped onto the
impact sight (Morrison et al., 2011; Sieg et al., 1999). However, the force of injury and
deformation of the brain tissue are difficult to measure, making the standardization of this
model difficult (Morrison et al., 2011). Transection models mimic axonal shearing in
TBIs and can be used on single cells or slice cultures (Morrison et al., 2011). Variations
on this model include use of several needles or blades (Mukhin et al., 1997; Mukhin et
al., 1998). Other groups have transected specific regions of cultured hippocampal slices
(Jagielo-Miller, 2019; Laskowski et al., 2005; Mulholland and Prendergast, 2003).
However, these models are often extremely severe and focal, limiting translatability and
the possibility for treatments to exacerbate or ameliorate the effects of the injury (JagieloMiller, 2019). Some versions also suffer from a lack of standardization and
reproducibility. Stretch injury models are beneficial to study how tissue deforms during a
TBI (Morrison et al., 2011). Cells can be either stretched using compressed gas to
manipulate the membrane (Ellis et al., 1995), or the membrane can be stretched over an
indenter (Morrison et al., 2006), causing the cells damage and deformation. These models
also suffer from a lack of characterization (Morrison et al., 2011) and some use custom
made materials.
1.1.4

Hypotheses

The proposed novel model seeks to provide a mechanism for producing stretch
injuries in organotypic slice cultures that is more widely available and easy to use. The
ultimate goal being that improved in vitro data will provide a greater understanding of the
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biochemical processes, better inform life animal models, and indirectly inform and
benefit clinical trials for TBI medications. We hypothesize the indirect stretch injury will
be sufficient to cause cytotoxicity. Additionally, we hypothesize that impacts of a longer
duration will cause a more severe injury than the same force impacted for shorter
duration.

1.2

Methods
1.2.1

Organotypic Hippocampal Slice Culture Preparation

Male and female Sprague Dawley pups, postnatal day 8, (Harlan Laboratories;
Indianapolis, IN), were humanely euthanized via rapid decapitation and tissue was
harvested using aseptic technique. Rat brains were removed and placed into cold
dissecting media, made up of Minimum Essential Media (MEM; Invitrogen, Carlsbad,
CA), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Sigma, St. Louis,
MO), streptomycin/penicillin (Invitrogen) and Amphotericin B solution (Sigma). Brains
were cut midsagitally from anterior to posterior using a No.10 scalpel and the hippocampi
were carefully removed. Any excess tissue or membranes still attached to the
hippocampi were cleared off using a No. 15 scalpel. After excess tissue was removed
from the hippocampi, they were chopped from dorsal to ventral into 200µm thick slices
using a McIllwain Tissue Chopper (Mickle Laboratory Engineering Co. Ltd., Gomshall,
UK). On average, each hippocampi produces 36 slices. Following chopping of the tissue
into 200 µM, tissue is placed into petri dishes filled with culture media and labeled with
the animal number. Slices were then inspected under a stereoscope to ensure all areas of
interest (CA1, CA3, and dentate gyrus (DG)) were intact and that there were no visible
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signs of damage or stretching. Slices that did not meet these criteria were discarded and
not cultured for this study. Upon plating, all petri dishes are sorted into male and female
piles. Once all the dishes for one sex are grouped together, the identifying information
on the lids is removed and slices are drawn up using a cutoff transfer pipette, randomly
pulling slices from the different petri dishes and plating them onto the culture membrane.
Depending on the number of animals per sex, a single animal may contribute 0-2 slices
per culture insert; however, all culture inserts had slices from multiple animals,
regardless. Slices that met selection criteria were plated onto biopore membrane inserts
(Millicell; Millipore, MA, USA) with 4 slices per insert. All slices were plated to ensure
slices did not overlap or touch the wall of the membranes insert Given the nature of the
injury mechanism, to strive for uniform injuries, slices were strategically placed in a
circle equidistant from the center of the insert, with the CA1 region of the slices toward
the outer wall of the membrane insert and the DG region towards the center (see Figure
1.1). A micropipette was used to carefully maneuver slices into the correct position and
remove any excess culture media pooled around the slices. Inserts were placed into six
well culture plates containing 1.5mL of 37ºC culture media per well. Tissue was placed
into an incubator (37ºC at 5% CO2) for five days prior to any treatment to allow for
tissue affixion to the membranes and for tissue recovery post dissection. Following the
five-day incubation of the tissue prior to treatment, each culture insert is randomly
assigned to a treatment group, allowing a representative sample of the animals to be
included in every treatment group.
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1.2.2

Injury Mechanism

1.2.2.1 Infinite Horizon Spinal Cord Impactor
One advantage to this model is the injuring device is commercially available. The
Infinite Horizons (IH) spinal cord injuring device (Precision Systems & Instrumentation
[PSI], Lexington, KY) couples consistent injury with accessible software (Scheff et al.,
2003). In its original design, the IH device causes injury by delivering a desired impact
of a specified force and duration onto the spinal cord with a stainless-steel tipped
impounder (for detailed description of mechanism and use in spinal cord injuries, see
Scheff et al., 2003). Repurposed in our design, the IH device was used to deliver an
indirect stretch injury to the hippocampal tissue by delivering a desired impact onto the
culturing membrane.
1.2.2.2 Injury Procedure
After five days of incubation, tissue inserts were randomly assigned to treatment
groups and placed into fresh culture media. At seven days in vitro, tissue was subjected to
the injuring procedure. Culture plates were removed from the incubator and taken to a
surgery suite containing the SCI impactor. Tissue in the control group were also taken to
the surgery suite and treated as the TBI groups, aside from the injury. While conditions
were non-sterile, effort was made to reduce the risk of contamination. The impactor was
fitted with the impounder (2.5mm) and was calibrated at a range of force values prior to
injuring the tissue to ensure the machine was functioning appropriately. Inserts were
individually removed from the culture plate for each impact. Any excess media on the
insert was gently dried using Kimwipes. Each insert was inverted upon the stage of the
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SCI impactor so that the non-tissue side of the membrane was facing the impounder. The
impounder was manually positioned to be 5mm above the center of the membrane,
equidistant from the slices. The desired force (50kD, 75kD, 100kD, or 150kD) and dwell
time of the impact (instant or 5 seconds) was entered into a computer running IH
software (version 5.0.4), compatible with Windows. Given this experiment was
exploratory in nature, it was important to establish the effect a range of forces and dwell
times to scale the severity of the injury. The forces were selected semi-arbitrarily within
a range of values. Lower force values were piloted (30kD and 40kD), but the impacts
delivered were more variable in the difference between intended and actual force. On the
other end, higher forces risked puncturing the membrane tissue was cultured on, adding
potential confounds. Given the effect of injury dwell was completely unknown, two
extreme values were chosen to see if it would impact injury severity instead of a more
moderate value. However, for future studies, if there is an effect of injury dwell at the
extreme 5s level, it may be beneficial to determine if smaller, more appliable injury
dwells may be important. Following injury, inserts were returned to their corresponding
wells in the culture plates. Once all tissue was injured, it was placed into new six well
plates filled with fresh pre-incubated media (37ºC) containing 7.48M propidium iodide
(PI) or 10M DCFH-DA and returned to the incubator. A simplified diagram of the of
the injury mechanism can be seen in Figure 1.1.
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1.2.3

Imaging

1.2.3.1 Propidium Iodide Staining Protocol
Tissue was placed into new 6 well culture plates containing 1 mL of 7.48M PI
culture media in the bottom of each well. Propidium iodide fluoresces after binding to
nucleic acids and, given that PI is a highly polar compound, it is only able to enter cells if
the cell membrane is compromised (Cummings et al., 2004; Macklis and Madison, 1990;
Zimmer et al., 2000). Propidium iodide has been well correlated with other markers of
cell death (Wilkins et al., 2006). Tissue was imaged 24 hours post injury with a green
fluorescent filter under a 5x objective lens of a Leica DM-IRB microscope (W.
Nuhsbahm Inc.; McHenry, IL, USA). The microscope was connected to a computer that
ran SPOT advanced software (Windows, version 4.02) via a SPOT 7.2 color mosaic
camera (W. Nuhsburg). Images were then analyzed using Image J software (NIH,
Bethesda, MD). For every slice, 4 measures were taken: the intensity of the background,
the CA1 region, the CA3 region, and the DG region. The background reading was
subtracted from the other 3 regional measurements taken for that slice. To reduce
variability between tissue from different litters, readings were converted to a precent
control using (S-B)/C, where S is the intensity of the region, B is the background
intensity, and C is the mean fluorescent value for the control groups (CA1, CA3, DG, as
appropriate) for each litter (see Mulholland et al., 2005). Following PI imaging, tissue
was fixed using a 10% formalin solution for future immunohistochemistry. Despite
fixing, some tissue developed suspected mold due to being in a non-sterile environment
and were excluded from further immunohistochemical analyses.
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1.2.3.2 NeuN Staining Protocol
NeuN is an immunohistochemical marker of mature neurons (Kim et al., 2009).
After tissue is fixed, inserts were placed into six well plates containing
immunohistochemical (IHC) buffer made up of PBS, Triton, and Bovine Serum Albumin
(BSA). One milliliter of IHC buffer was slowly pipetted on top of the tissue and left in
this solution for 45 minutes. Inserts were then rinsed twice in PBS and placed into new
six well plates containing 1mL of PBS into the bottom. Anti-NeuN (mouse host;
Millipore Sigma) was mixed into the IHC buffer (1:200) and 1mL of this solution was
slowly pipetted on top of the inserts. Tissue was placed at 4ºC for 24 hours. The
following day, inserts were rinsed twice in PBS and then placed into new 6 well plates
with 1 mL of PBS at the bottom. The FITC (Goat anti-mouse; Millipore Sigma)
fluorescent secondary was mixed into the IHC buffer (1:200) and 1mL of this solution
was slowly pipetted on top of the inserts. Tissue was returned to the refrigerator for 24
hours. The following day, the inserts were washed twice in PBS, and inserts were placed
into new six well plates with 1 mL of PBS at the bottom of the well. Tissue was then
imaged under a blue fluorescent filter and the readings were scaled as described above.
1.2.3.3 DCHF-DA Staining Protocol
Dichloro-dihydro-fluorescein diacetate (DCFH-DA) is a fluorescent probe used to
detect oxidative stress (Kalyanaraman et al., 2012). The probe is able to penetrate the
cell membrane and, once inside the cell, the probe oxidizes to dichlorofluorescein (DCF),
which fluoresces (Kalyanaraman et al., 2012). It is important to recognize that this probe
is not specific for a specific oxidant and the chemical conversion of DCFH-DA to the
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fluorescent DCF is a complex process which may inject error into the analyses
(Kalyanaraman et al., 2012). The procedure for DCFH-DA staining in organotypic
hippocampal slice cultures was modeled after the protocol in Jung et al., 2013. Briefly,
reactive oxygen species (ROS) accumulation in the cultures will be assessed 30-60
minutes post injury. DCFH-DA, Millpore-Sigma, St. Louis, MO) will be added to new
culture media at a 10 µM concentration. Tissue will be returned to the incubator for 30
minutes. Following incubation, the inserts will be washed twice in PBS, and inserts will
be placed into new six well plates with 1 mL of PBS at the bottom of the well. Tissue
will be imaged under a blue fluorescent filter and the readings will be converted as
described above.
1.2.4

Statistical Analyses

A priori power analyses were conducted for each factor to determine the sample
size needed to appropriately power the experiments. Statistical analyses were conducted
to determine the effect of Litter, Sex, Injury Force, and Injury Dwell on propidium iodide
fluorescence to estimate cell death, NeuN immunofluorescence to estimate neuronal
survival, and DCFH-DA to estimate reactive oxygen species accumulation in three
regions of the hippocampus. Data were assessed in SPSS (version 27) using a 2 x 2 x 5 x
3 ANOVA, with significance level set to p ≤ 0.05. When appropriate, a Bonferroni post
hoc test was conducted. A post hoc power analysis was also conducted on each
significant factor to determine the actual effect size and achieved power.
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1.2.5

Experimental Timelines

For the sake of clarity, the specific timelines for the markers in the experiment are
represented as figures. Figure 1.2 shows the timeline of the tissue marked with
propidium iodide, fixed and then underwent immunohistochemical staining for NeuN.
Figure 1.3 shows the timeline for tissue stained with DCFH-DA.

1.3

Results
1.3.1

A priori Power Analyses

An a priori power analysis was conducted for each factor (Replication, Sex,
Injury Force, and Injury Dwell) in experiment 1. As these experiments were novel and
exploratory in nature, a small effect size (0.20) was assumed. Alpha and beta values
were set to 0.05 and 0.10, respectively. While there can be variation in these values
based on the field and researcher, alpha values are typically set to be between 0.01-0.10
and beta values are typically set between 0.05-0.20 (Banerjee et al., 2009). The selected
values for alpha and beta are both within these standard windows. G*Power (v. 3.1.9.6)
was used to conduct all included power analyses (Faul et al., 2007; Faul et al., 2009). In
G*Power, for all a priori power analyses, the test family was an F test, and the statistical
test used was “ANOVA: Fixed effects, special, main effects, and interactions”. To
conduct these analyses, following information was required - estimated effect size
(Cohen’s f), desired alpha and power values, and numerator degrees of freedom and
number of groups for the specific factor.
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1.3.1.1 Effect of Replication
The a priori power analysis for Replication, with an alpha of 0.05, power of 0.90,
and an assumed effect size of f = 0.20, was conducted. The factor of Replication had 2
groups and a numerator degree of freedom of 1. For Replication, it was determined that a
sample size of 265 slices was necessary for this effect to be sufficiently powered.
1.3.1.2 Effect of Sex
The a priori power analysis for Sex, with an alpha of 0.05, power of 0.90, and an
assumed effect size of f = 0.20, was conducted. The factor of Sex had 2 groups and a
numerator degree of freedom of 1. For Sex, it was determined that a sample size of 265
slices was necessary for this effect to be sufficiently powered.
1.3.1.3 Effect of Injury Force
The a priori power analysis for Injury Force, with an alpha of 0.05, power of
0.90, and an assumed effect size of f = 0.20, was conducted. The factor of Injury Force
had 5 groups and a numerator degree of freedom of 4. For Injury Force, it was
determined that a sample size of 390 slices was necessary for this effect to be sufficiently
powered.
1.3.1.4 Effect of Injury Dwell
The a priori power analysis for Injury Dwell, with an alpha of 0.05, power of
0.90, and an assumed effect size of f = 0.20, was conducted. The factor of Injury Dwell
had 3 groups and a numerator degree of freedom of 2. For Injury Dwell, it was
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determined that a sample size of 320 slices was necessary for this effect to be sufficiently
powered.
1.3.2

Estimating Cell Death with Propidium Iodide
1.3.2.1 Main Effect of Replication

There was a main effect of Replication in the CA1 region of the hippocampus
when imaged 24 hours post injury, F(1, 218) = 156.762, p < .001 (Figure 1.4). Slices for
this portion of experiment 1 were taken from two replicate of Sprague Dawley pups
(PND 8). Tissue cultured from the first replicate (M = 198.985, SE = 7.148) showed
more propidium iodide uptake compared to tissue from the second replicate (M =
112.169, SE = 4.460).
There was also a main effect of Replication in the CA3 region of the
hippocampus, F(1, 218) = 163.738, p < .001 (Figure 1.4). Slices taken from the first
replicate (M = 220.535, SE = 7.411) show more PI fluorescence compared to slices taken
from the second replicate (M = 112.730, SE = 6.043).
There was also an effect of Replication in the DG region of the hippocampus, F(1,
236) = 141.588, p < .001 (Figure 1.4 ). Similar to the CA1 and CA3, tissue taken from
the first replicate of animals (M = 210.177, SE = 8.364) showed an increase uptake of PI
compared to tissue cultured from the second replicate (M = 113.372, SE = 5.474).
1.3.2.2 Main Effect of Sex
There was a main effect of sex in the CA1 and CA3 regions of the hippocampus,
F(1, 218) = 11.489, p = .001 and F(1, 218) = 4.895, p = .028, respectively (Figure 1.5).
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Male slices showed an increase in PI uptake compared to female slices in both the CA1
region (Male M = 173.659, SE = 8.236; Female M = 151.515, SE = 6.541) and CA3
region (Male M = 182.087, SE = 8.696; Female M = 168.371, SE = 8.268). There was
no effect of sex in the DG region of the hippocampus, p > .05. Therefore, the data was
collapsed across sex and re-analyzed to conserve power.
1.3.2.3 Main Effect of Injury Force
There was an effect of injury force on PI fluorescence in all three hippocampal
regions of interest, p < .001(Figure 1.6). In the CA1 region, F(3, 218) = 38.131, p < .001,
a Bonferroni post hoc analysis revealed that all levels of injury force, 50kD (M =
138.265, SE = 9.164), p =.002; 75kD (M = 146.985, SE = 8.830), p < .001; 100kD (M =
169. 497, SE =12.216), p < .001; and 150kD (M = 226.644, SE = 11.723), p < .001,
showed an increase in PI uptake compared to the 0kD control group (M = 100.00, SE =
3.368). The 150kD force (M = 226.644, SE = 11.723) showed a significant increase in PI
uptake compared to the previous 100kD force (M = 169. 497, SE =12.216), p < .001;
however, none of the other forces had significantly higher PI fluorescence than the
previous force, 100kD (M = 169. 497, SE =12.216) vs 75kD (M = 146.985, SE = 8.830),
p = .089; 75kD (M = 146.985, SE = 8.830) vs 50kD (M = 138.265, SE = 9.164), p =
1.000.
In the CA3 region of the hippocampus, F(3, 218) = 25.433, p < .001, a Bonferroni
post hoc analysis revealed that all levels of injury force, 50kD (M = 144.809, SE =
10.388), p =.003; 75kD (M = 163.727, SE = 11.928), p < .001; 100kD (M = 191.151, SE
=13.015), p < .001; and 150kD (M = 240.022, SE = 12.961), p < .001, showed an increase
in PI uptake compared to the 0kD control group (M = 100.00, SE = 4.961). Similar to the
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CA1 region, the only force that was significantly higher than the previous force was
150kD (M = 240.022, SE = 12.961) compared to 100kD (M = 191.151, SE =13.015), p <
.001. A force of 100kD (M = 191.151, SE =13.015) did not significantly increase PI
fluorescence compared to 75kD (M = 163.727, SE = 11.928), p = .102, nor did 75kD (M
= 163.727, SE = 11.928) cause an increase in PI fluorescence compared to 50kD (M =
144.809, SE = 10.388), p = .738.
In the DG region of the hippocampus F(3, 236) = 38.792, p < .001, a Bonferroni
post hoc analysis revealed that all injury forces 50kD (M = 133.610, SE = 8.315), p
=.050; 75kD (M = 152.307, SE = 12.434), p < .001; 100kD (M = 173.715, SE =13.575), p
< .001; and 150kD (M = 248.505, SE = 13.693), p < .001, showed an increase in PI
uptake compared to the 0kD control group (M = 100.00, SE = 3.543). Similar to the other
regions, the only injury force that shows an increase in PI uptake compared to the
previous force was the 150kD (M = 248.505, SE = 13.693) compared to 100kD (M =
173.715, SE =13.575), p < .001. An injury force of 100kD (M = 173.715, SE =13.575)
did not increase PI uptake compared to 75kD (M = 152.307, SE = 12.434), p = .365, nor
did an injury force of 75kD (M = 152.307, SE = 12.434) increase PI compared to an
injury force of 50kD (M = 133.610, SE = 8.315), p =.662.
1.3.2.4 Main Effect of Injury Dwell
There was an effect of injury dwell in each of the three hippocampal regions of
interest, p < .001(Figure 1.7). In the CA1 region, F(1, 218) = 106.119, p < .001, a
Bonferroni post hoc analysis revealed that all levels of injury dwell, Instant (M =
139.288, SE = 6.185), p = .003; and 5s (M = 202.393, SE = 8.726), p < .001, showed an
increase in PI uptake compared to the 0s control group (M = 100.00, SE = 3.368).
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Additionally, a dwell time of 5s (M = 202.393, SE = 8.726) caused an increase in PI
uptake compared to an instant dwell time (M = 139.288, SE = 6.185), p < .001.
In the CA3 region, F(1, 218) = 60.402, p < .001, a Bonferroni post hoc analysis
revealed that all levels of injury dwell, Instant (M = 150.807, SE = 7.585), p < .001; and
5s (M = 219.848, SE = 9.491), p < .001, showed an increase in PI uptake compared to the
0s control group (M = 100.00, SE = 4.961). Additionally, a dwell time of 5s (M =
219.848, SE = 9.491) caused an increase in PI uptake compared to an instant dwell time
(M = 150.807, SE = 7.585), p < .001.
In the DG region of the hippocampus, F(1, 236) = 106.119, p < .001, a Bonferroni
post hoc analysis revealed that all levels of injury dwell, Instant (M = 135.631, SE =
6.354), p < .001; and 5s (M = 219.727, SE = 10.494), p < .001, showed an increase in PI
uptake compared to the 0s control group (M = 100.00, SE = 3.543). Additionally, a dwell
time of 5s (M = 219.727, SE = 10.494) caused an increase in PI uptake compared to an
instant dwell time (M = 135.631, SE = 6.354), p < .001.
1.3.2.5 Interaction of Replication and Sex
There was a significant two-way interaction of Replication and Sex in the CA1
region of the hippocampus, F(1, 218) = 4.166, p = .042 (Figure 1.8). The highest amount
of PI fluorescence was shown in male slices from replicate 1 (M = 218.012, SE =
11.626), followed by the female slices from replicate 1 (M = 182.153, SE = 8.315), male
slices from replicate 2 (M = 119.009, SE = 6.086), and finally female slices from replicate
2 (M = 104.658, SE = 6.450). While the main effect of Replication and Sex are
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consistent, there is a larger effect of sex on slices from replicate 1 compared to replicate
2.
1.3.2.6 Interaction of Replication and Injury Force
There was a significant two-way interaction of Replication and Injury Force in the
CA1 region of the hippocampus, F(3, 218) = 2.981, p = .032 (Figure 1.9). In replicate 1,
the amount of PI uptake ranges more widely between all of the forces, 0kD (M =
104.047, SE = 6.104), 50kD (M = 169.765, SE = 13.138), 75kD (M = 178.776, SE =
11.382), 100kD (M = 218.031, SE = 16.073), and 150kD (M = 269.555, SE = 12.025)
compared to the PI uptake across forces in replicate 2, 0kD (M = 95.953, SE = 2.728),
50kD (M = 95.810, SE = 3.878), 75kD (M = 97.854, SE = 3.978), 100kD (M = 106.192,
SE = 6.843), and 150kD (M = 159.478, SE = 15.276). Across forces in slices from
replicate 1, there are stepwise increases in PI uptake, but in replicate 2, the 0kD, 50kD,
75kD, and 100kD forces all have PI uptake values very close to one another and the
150kD value is substantially higher.
The was also a significant two-way interaction of Replication and Injury Force in
the DG region of the hippocampus F(3, 236) = 4.583, p = .004 (Figure 1.9). A similar
spread of PI fluorescence values across forces is seen in replicate 1 and replicate 2 in the
DG as was seen in the CA1. The PI fluorescence across all the forces 0kD (M = 101.729,
SE = 6.045), 50kD (M = 161.215, SE = 11.565), 75kD (M = 194.719, SE = 16.682),
100kD (M = 225.508, SE = 17.613), 150kD (M = 302.361, SE = 12.677) is widely spread
out and increases stepwise with the increase in force in replicate 1. However, in replicate
2, all of the forces, 0kD (M = 98.271, SE = 3.866), 50kD (M = 96.405, SE = 5.965), 75kD
(M =86.760, SE = 4.232), 100kD (M = 106.159, SE = 10.192), 150kD (M = 164.209, SE
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= 18.400), are more compacted and only the PI value at 150kD is substantially higher
from the remaining forces.
1.3.2.7 Interaction of Replication and Injury Dwell
There was a significant two-way interaction of Replication and Injury Dwell in
each of the three regions analyzed (Figure 1.10). In the CA1 region of the hippocampus,
F(1, 218) = 30.960, p < .001, the effect of dwell was stronger in replicate 1 compared to
replicate 2. In replicate 1, the increase in PI uptake caused by the increases in dwell time,
0s (M = 104.047, SE = 6.104), Instant (M = 164.619, SE = 8.927), 5s (M = 254.483, SE =
8.770), were larger than seen in replicate 2, 0s (M = 95.953, SE = 2.728), Instant (M =
103.262, SE = 3.867), and 5s (M = 126.522, SE = 9.247).
In the CA3 region of the hippocampus, F(1, 218) = 16.059, p < .001, a similar
pattern of data distribution was seen such that the effect of dwell was stronger in replicate
1 compared to replicate 2. In replicate 1, the increase in PI uptake caused by the
increases in dwell time, 0s (M = 112.109, SE = 7.430), Instant (M = 187.309, SE =
10.120), 5s (M = 278.166, SE = 7.834) were larger than seen in replicate 2, 0s (M =
87.891, SE = 5.194), Instant (M = 98.893, SE = 5.406), and 5s (M = 134.906, SE =
12.214).
In the DG, F(1, 236) = 25.102, p < .001, the same pattern is seen. The effect of
dwell was much larger in replicate 1, with each force increasing PI uptake more than in
replicate 2. In replicate 1, the increase in PI uptake caused by the increases in dwell time,
0s (M = 101.729, SE = 6.045), Instant (M = 165.012, SE = 8.687), 5s (M = 279.217, SE =
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11.155) were larger than seen in replicate 2, 0s (M = 98.271, SE = 3.866), Instant (M =
93.844, SE = 4.330), and 5s (M = 133.077, SE = 11.225).
1.3.2.8 Interaction of Sex and Injury Force
There was a significant two-way interaction of Sex and Injury Force in the CA1
region of the hippocampus, F(3, 218) = 2.702, p = .047 (Figure 1.11). The effect of sex
is more pronounced at the higher forces than at the lower forces. For the lower forces of
0kD (Female M = 100.000, SE = 5.701; Male M = 100.000, SE = 3.388), 50kD (Female
M = 132.639, SE = 13.197; Male M = 143.490, SE = 12.888), and 75kD (Female M =
147.695, SE = 12.872; Male M = 146.223, SE = 12.262), the male and female values are
closer to each other than the values for the higher forces, 100kD (Female M = 149.578,
SE = 14.152; Male M = 188.678, SE = 19.277), and 150kD (Female M = 200.796, SE =
14.276; Male M = 255.260, SE = 17.711). This interaction was only seen in the CA1
region of the hippocampus.
1.3.2.9 Interaction of Injury Force and Injury Dwell
There was a two-way interaction of Injury Force and Dwell in the CA1 and DG
regions of the hippocampus, F(3, 218) = 3.265, p = .022 and F(3, 236) = 6.079, p =
.001, respectively (Figure 1.12). In the CA1 region, there is more of an effect of the
injury dwell time on the larger forces, 100kD (Instant M = 132.878, SE = 9.217; 5s M =
210.510, SE = 21.114), 150kD (Instant M = 184.465, SE = 18.266; 5s M = 262.232, SE =
12.195) than on the lower forces, 0kD (M = 100.000, SE = 3.368), 50kD (Instant M =
114.616, SE = 7.005; 5s M = 161.915, SE = 15.821), and 75kD (Instant M = 125.433, SE
= 7.510; 5s M = 167.051, SE = 14.736).
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In the DG, there is a similar trend in the interaction. The effect of dwell time is
more pronounced at the higher forces 100kD (Instant M = 126.711, SE = 8.614; 5s M =
226.360, SE = 23.117), 150kD (Instant M = 182.261, SE = 15.794; 5s M = 304.399, SE =
15.815) than on the lower forces, 0kD (M = 100.000, SE = 3.543), 50kD (Instant M =
108.539, SE = 6.814; 5s M = 158.682, SE = 13.677), and 75kD (Instant M = 125.342, SE
= 13.493; 5s M = 177.411, SE = 19.555).
1.3.2.10 Interaction of Replication, Sex, and Injury Force
There was a significant three-way interaction of Replication, Sex, and Injury
Force in the CA1 region of the hippocampus, F(3, 218) = 3.799, p = .011 (Figure 1.13).
As previously stated, the overall effect of sex is more pronounced at the higher forces,
100kD (Female M = 181.624, SE = 18.626; Male M = 254.439, SE = 23.108) and 150kD
(Female M = 234.143, SE = 13.450; Male M = 313.821, SE = 15.413) compared to the
lower forces 0kD (Female M = 105.316, SE = 10.339; Male M = 102.415; SE = 5.370),
50kD (Female M = 164.364, SE = 18.721; Male M = 174.828, SE = 18.940), and 75kD
(Female M = 178.284, SE = 15.303; Male M = 179.399, SE = 17.627). However, while
this holds true for slices from the first litter of animals, the sex effect is much smaller in
replicate 2 and the enhanced effect is only seen at the highest 150kD force (Female M =
140.166, SE = 22.988; Male M = 177.180; SE = 19.864). The remaining forces, 0kD
(Female M = 94.019, SE = 3.284; Male M = 97.887, SE = 4.477), 50kD (Female M =
89.376, SE = 5.964; Male M = 101.707, SE = 4.625), 75kD (Female M = 89.575, SE =
5.667; Male M = 104.753, SE = 4.900), and 100kD (Female M = 105.880, SE = 13.790;
Male M = 106.477, SE = 4.586), show a minimal effect of sex. This interaction was only
seen in the CA1 region of the hippocampus.
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1.3.2.11 Interaction of Replication, Injury Force, and Injury
Dwell
There was a significant three-way interaction of Replication, Injury Force and
Dwell in all three regions of the hippocampus (Figure 1.14). In the CA1 region, the
increased effect of the high 5s dwell time was seen at each force level in tissue from the
first replicate, but the effect of dwell on force was only apparent at the highest force in
tissue taken from the second replicate, F(3, 218) = 7.166, p < .001. More specifically, in
the first replicate, it is clear the effect dwell time is having at each force level, 50kD
(Instant M = 125.054, SE = 11.332; 5s M = 211.681, SE = 17.733), 75kD (Instant M =
141.852, SE = 9.549; 5s M = 215.700, SE = 16.516), 100kD (Instant M = 154.801, SE =
13.228; 5s M = 290.295, SE = 15.844), and 150kD (Instant M = 235.721, SE = 21.679; 5s
M = 296.623, SE = 9.790). However, tissue from the second replicate shows a distinctly
different trend, with dwell only having a noticeable effect at the highest force, 150kD
(Instant M = 109.910, SE = 12.878; 5s M = 204.914, SE = 19.075). The other forces in
replicate 2, 50kD (Instant M = 101.568, SE = 5.369; 5s M = 89.528, SE = 5.198), 75kD
(Instant M = 97.520, SE = 5.18; 5s M = 98.132, SE = 6.088), and100kD (Instant M =
103.647, SE = 5.700; 5s M = 108.968, SE = 13.227) have little variance regardless of the
dwell time.
In the CA3 region, there was a similar pattern as seen in the CA1 with the effect
of dwell on force differentiating between replicate 1 and replicate 2, F(3, 218) = 5.252, p
= .002. Tissue from the first replicate shows an effect dwell time at each force level,
50kD (Instant M = 132.782, SE = 14.406; 5s M = 232.878, SE = 15.644), 75kD (Instant
M = 161.792, SE = 18.587; 5s M = 255.034, SE = 16.193), 100kD (Instant M = 191.396,
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SE = 14.956; 5s M = 302.032, SE = 15.502), and 150kD (Instant M = 261.450, SE =
18.007; 5s M = 317.353, SE = 6.686). However, tissue from the second replicate shows a
distinctly different trend, with dwell only having a noticeable effect at the highest forces,
100kD (Instant M = 113.879, SE = 12.068; 5s M = 133.968, SE = 25.306) and 150kD
(Instant M = 97.871, SE = 14.164; 5s M = 212.873, SE = 27.513). The other forces in
replicate 2, 50kD (Instant M = 90.293, SE = 5.260; 5s M = 92.582, SE = 9.967) and 75kD
(Instant M = 92.352, SE = 9.941; 5s M = 96.596, SE = 11.428) had little variance
regardless of the dwell time.
In the DG region, the three-way interaction was similar to the other regions with
the effect of dwell on force depended on which replicate the tissue was taken for, F(3,
236) = 2.741, p = .044. Tissue from the first replicate shows an effect dwell time at each
force level, 50kD (Instant M = 122.129, SE = 10.780; 5s M = 197.858, SE = 15.220),
75kD (Instant M = 149.738, SE = 18.939; 5s M = 239.700, SE = 23.161), 100kD (Instant
M = 152.328, SE = 10.826; 5s M = 309.143, SE = 17.874), and 150kD (Instant M =
234.128, SE = 13.479; 5s M = 356.947, SE = 8.079). However, tissue from the second
replicate shows a distinctly different trend, with dwell only having a noticeable effect at
the highest forces, 100kD (Instant M = 92.557, SE = 5.128; 5s M = 120.999, SE = 20.101)
and 150kD (Instant M = 106.817, SE = 15.329; 5s M = 216.819, SE = 23.999). The other
forces in replicate 2, 50kD (Instant M = 91.552, SE = 3.850; 5s M = 101.698, SE =
11.853) and 75kD (Instant M = 83.869, SE = 5.701; 5s M = 89.170, SE = 6.27) had little
variance regardless of the dwell time.
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1.3.3

Estimating Neuronal Survival with NeuN/FITC
1.3.3.1 Main Effect of Replication

There was a main effect of Replication in the CA3 and DG regions of the
hippocampus, F(1, 214) = 53.410, p < .001 and F(1, 190) = 25.629, p < .001, respectively
(Figure 1.15). In the CA3, tissue cultured from the first replicate of animals (M =
105.218, SE = 2.943) showed more NeuN immunofluorescence compared to tissue from
the second replicate (M = 79.515, SE = 2.316).
Similarly, in the DG, tissue cultured for the replicate (M = 102.818, SE = 2.924)
showed more NeuN immunofluorescence compared to tissue from the second replicate
(M = 87.259, SE = 2.468).
There was no effect of Replication in the CA1 region so data was collapsed across
Replicates and the analysis was re-run to preserve power.
1.3.3.2 Main Effect of Sex
There was a main effect of Sex in the DG region of the hippocampus, F(1, 190) =
5.992, p = .015 (Figure 1.16). Female slices showed more neuronal survival (M =
99.992, SE = 3.191) than male slice (M = 91.231, SE = 2.408).
There was no effect of Sex in the CA1 or CA3 regions, so for each region, slices
were collapsed across Sex and the analyses were re-run to conserve power.
1.3.3.3 Main Effect of Injury Force
There was a main effect of Injury Force in all three regions of interest (Figure
1.17). In the CA1 region, F(3, 215) = 7.311, p < .001, a Bonferroni post hoc analysis
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showed that only the highest force, 150kD (M = 81.907, SE = 4.290) showed a significant
reduction in neuronal survival compared to the control 0kD group (M = 100.000, SE =
3.478), p = .045. The other forces, 50kD (M = 105.300, SE = 4.146), 75kD (M = 96.699,
SE = 4.011), and 100kD (M = 90.052, SE = 3.603) did not show a significant reduction in
NeuN immunofluorescence compared to the control 0kD group (M = 100.000, SE =
3.478), p = 1.000, p = 1.000, and p = .882, respectively. Additionally, none of the forces
caused significantly more neuronal loss than the previous force. The 150kD force (M =
81.907, SE = 4.290) did not differ from the 100kD force (M = 90.052, SE = 3.603), p =
1.000, the 100kD force (M = 90.052, SE = 3.603) was not different from the 75kD force
(M = 96.699, SE = 4.011), p = 1.000, and the 75kD force (M = 96.699, SE = 4.011) did
not differ from the 50kD force (M = 105.300, SE = 4.146), p =.942.
In the CA3 region, F(4, 214) = 5.560, p < .001, a Bonferroni post hoc analysis
showed that only the highest force, 150kD (M = 77.679, SE = 5.827) showed a significant
reduction in neuronal survival compared to the control 0kD group (M = 100.000, SE =
5.328), p = .007. The other forces, 50kD (M = 106.598, SE = 4.829), 75kD (M = 92.478,
SE = 3.468), and 100kD (M = 87.105, SE = 3.504) did not show a significant reduction in
NeuN immunofluorescence compared to the control 0kD group (M = 100.000, SE =
3.478), p = 1.000, p = 1.000, and p = .317, respectively. Additionally, none of the forces
caused significantly more neuronal loss than the previous force. The 150kD force (M =
77.679, SE = 5.827) did not differ from the 100kD force (M = 87.105, SE = 3.504), p =
1.000, the 100kD force (M = 87.105, SE = 3.504) was not different from the 75kD force
(M = 92.478, SE = 3.468), p = 1.000, and the 75kD force (M = 92.478, SE = 3.468) did
not differ from the 50kD force (M = 106.598, SE = 4.829), p =.077.
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In the DG region, F(3, 190) = 17.997, p < .001, a Bonferroni post hoc analysis
showed that only the highest force, 150kD (M = 79.261, SE = 5.025) showed a significant
reduction in neuronal survival compared to the control 0kD group (M = 100.000, SE =
4.363), p = .001. The other forces, 50kD (M = 112.483, SE = 4.942), 75kD (M = 95.110,
SE = 3.544), and 100kD (M = 87.993, SE = 3.110) did not show a significant reduction in
NeuN immunofluorescence compared to the control 0kD group (M = 100.000, SE =
4.363), p = .115, p = 1.000, and p = .139, respectively. The 75kD force (M = 95.110, SE
= 3.544) did show a significant loss of NeuN immunofluorescence compared to the 50kD
force (M = 112.483, SE = 4.942), p = .001. However, the other forces did not show a
significant difference from the previous force; the 150kD force (M = 79.261, SE = 5.025)
did not differ from the 100kD force (M = 87.993, SE = 3.110), p = .628, and the 100kD
force (M = 87.993, SE = 3.110) did not differ from the 75kD force (M = 95.110, SE =
3.544), p = .915.
1.3.3.4 Main Effect of Injury Dwell
There was a main effect of Injury Dwell in the CA1 and DG regions of the
hippocampus, F(1, 215) = 13.743, p < .001 and F(1, 190) = 4.226, p = .041, respectively
(Figure 1.18). In the CA1, a Bonferroni post hoc analysis showed that an injury dwell of
5s (M = 87.921, SE = 2.807) reduced NeuN immunofluorescence compared to slices
exposed to an Instant injury dwell (M = 99.752, SE = 2.919). However, neither the
Instant dwell time (M = 99.752, SE = 2.919) nor the 5s dwell time (M = 87.921, SE =
2.807) differed from the control of 0s dwell (M = 100.000, SE = 3.478), p = 1.000 and p =
.075, respectively.
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In the DG, a Bonferroni post hoc analysis showed that an injury dwell of 5s (M =
89.523, SE = 2.754) reduced NeuN immunofluorescence compared to slices exposed to
an Instant injury dwell (M = 99.076, SE = 3.309). However, neither the Instant dwell
time (M = 99.076, SE = 3.309) nor the 5s dwell time (M = 89.523, SE = 2.754) differed
from the control of 0s dwell (M = 100.000, SE = 4.363), p = 1.000 and p = .059,
respectively.
There was no effect of Injury Dwell in the CA3 so data were collapsed across
dwell time and the data was re-analyzed to preserve power.
1.3.3.5 Interaction of Replication and Sex
There was a significant two way interaction of Replication and Sex in the DG
region of the hippocampus, F(1, 190) = 52.053, p < .001 (Figure 1.19). In replicate 1,
female slices (M = 118.634, SE = 4.161) had a higher level of NeuN immunofluorescence
compared to the male slices (M = 87.529, SE = 3.019). However, in replicate 2, male
slices (M = 95.198, SE = 3.754) showed higher NeuN immunofluorescence compared to
the female slices (M = 78.368, SE = 2.628). This interaction was only seen in the DG.
1.3.3.6 Interaction of Replication and Injury Force
There was a significant two-way interaction of Replication and Injury Force in the
CA3 and DG regions, F(4, 214) = 3.202, p = .014 and F(3, 190) = 3.005, p = .032,
respectively (Figure 1.20). In the CA3, most of the forces show an increase in NeuN
immunofluorescence in replicate 1 compared to replicate 2 except for the 75kD force (R1
M = 96.996, SE = 4.667; R2 M = 89.370, SE = 4.860) where the values vary minimally
between replicates. All other forces show a larger difference between replicates, 0kD
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(R1 M = 116.019, SE = 7.653; R2 M = 83.981, SE = 4.955), 50kD (R1 M = 120.079, SE
= 6.683; R2 M = 90.771, SE = 5.467), 100kD (R1 M = 96.996, SE = 4.667; R2 M
=74.204, SE = 4.009), and 150kD (R1 M = 105.153, SE = 10.500; R2 M = 60.195, SE =
3.427).
In the DG, a similar pattern was seen, such that there was a similar value at the
75kD force for both replicate 1 and 2 (R1 M = 92.707, SE = 4.590; R2 M = 98.496, SE =
5.618), but the remaining forces, 0kD (R1 M = 112.529, SE = 5.954; R2 M = 87.471, SE
= 4.722), 50kD (R1 M = 119.770, SE = 7.799; R2 M = 103.928, SE = 5.266), 100kD
(R1 M = 92.953 SE = 4.372; R2 M = 81.523, SE = 4.056), and 150kD (R1 M = 102.551,
SE = 9.157; R2 M = 64.440, SE = 2.990) all showed higher NeuN immunofluorescence
in replicate 1 than in replicate 2.
1.3.3.7 Interaction of Replication and Injury Dwell
In the DG region, there was a significant two-way interaction of Replication and
Injury Dwell, F(1, 190) = 4.104, p = .044 (Figure 1.21). At the 0s (R1 M = 112.529, SE =
5.954; R2 M = 87.471, SE = 4.472) and instant dwell times (R1 M = 107.187, SE = 4.858;
R2 M = 88.442, SE = 3.732), there was more neuronal survival in replicate 1 compared to
replicate 2. However, this difference is minimized at the 5s dwell time (R1 M = 93.208,
SE = 3.503; R2 M = 86.001, SE = 4.189). This interaction was only present in the DG.
1.3.3.8 Interaction of Injury Force and Injury Dwell
In the DG, there was a significant two-way interaction of Injury Force and Dwell,
F(1, 190) = 4.551, p = .004 (Figure 1.22). For most of the forces, 50kD (Instant M =
123.522, SE = 7.663; 5s M = 99.524, SE = 4.761), 100kD (Instant M = 96.328, SE =
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3.890; 5s M = 78.657, SE = 4.299), and 150kD (Instant M = 86.126, SE = 6.464; 5s M =
63.658, SE = 5.123), there was more NeuN immunofluorescence in tissue from the
Instant dwell groups. However, at the 75kD force (Instant M = 88.271, SE = 5.424; 5s M
= 100.770, SE = 4.482), while a small difference, there is more NeuN
immunofluorescence in the 5s dwell compared to the Instant dwell time. This interaction
was only seen in the DG.
1.3.4

Estimating Reactive Oxygen Species Generation with DCF
1.3.4.1 Main Effect of Replication

There was a main effect of Replication in all three regions of interest (Figure
1.23). In the CA1, slices taken from the first replicate (M = 155.963, SE = 4.571) had
significantly more ROS accumulation than slices taken from the second replicate (M =
119.457, SE = 2.005), F(1, 322) = 95.057, p < .001. The same pattern was seen in the
CA3, F(1, 340) = 49.152, p < .001, with slices from replicate 1 (M = 148.654, SE =
4.379) showing more DCF fluorescence than slices from replicate 2 (M = 119.487, SE =
1.941). The DG region also followed this pattern with more DCF fluorescence in tissues
taken from replicate 1 (M = 147.556, SE = 4.369) compared to replicate 2 (M = 121.597,
SE = 2.1778), F(1, 348) = 35.982, p < .001.
1.3.4.2 Main Effect of Sex
There was a main effect of sex in the CA1 region of the hippocampus, F(1, 322) =
17.157, p < .001 (Figure 1.24). Female slices showed less DCF fluorescence (M =
133.352, SE = 3.780) than male slices (M = 149.614, SE = 4.641). This effect was only
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seen in the CA1. For the CA3 and the DG, data were collapsed across sex within region
and the re-analyzed to preserve power.
1.3.4.3 Main Effect of Injury Force
There was a significant effect of Injury Force in all three regions of the
hippocampus, (Figure 1.25). In the CA1, F(3, 322) = 145.085, p < .001, a Bonferroni
post hoc analysis showed that the 75kD (M = 119.256, SE = 2.489), 100kD (M =
142.739, SE = 3.265), and 150kD (M = 210.342, SE = 8.839) forces all caused an
increase in DCF fluorescence above that seen in the control 0kD force (M = 100.000, SE
= 2.528). The 50kD force group (M = 114.865, SE = 2.142) did not show a significant
increase in ROS staining compared to 0kD (M = 100.000, SE = 2.528). Additionally, the
150kD force (M = 210.342, SE = 8.839) had significantly more ROS fluorescence than
the 100kD force (M = 142.739, SE = 3.265), and the 100kD force (M = 142.739, SE =
3.265) had more than the 75kD force (M = 119.256, SE = 2.489), p < .001. There was no
difference between the 50kD (M = 114.865, SE = 2.142) and 75kD (M = 119.256, SE =
2.489) force groups, p = 1.000.
In the CA3, F(3, 340) = 114.320, p < .001, a Bonferroni post hoc analysis showed
that the higher force groups of 100kD (M = 138.622, SE = 2.879) and 150kD (M =
201.557, SE = 8.326), there was a significant increase in ROS fluorescence compared to
the 0kD control group (M = 100.000, SE = 2.593), p < .001. The 50kD (M = 111.166, SE
= 2.385) and 75kD (M = 116.020, SE = 2.563) force did not differ from the 0kD (M =
100.000, SE = 2.593), p = .518 and p = .053, respectively. The 150kD force (M =
201.557, SE = 8.326) did show an increase in ROS compared to 100kD (M = 138.622, SE
= 2.879), and the 100kD force (M = 138.622, SE = 2.879) showed an increase in ROS
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compared to the 75kD force group (M = 116.020, SE = 2.563) p < .001, but there was no
difference between the 75kD (M = 116.020, SE = 2.563) and 50kD force (M = 111.166,
SE = 2.385) groups, p = 1.000.
In the DG, F(1, 348) = 80.63, p < .001, a Bonferroni post hoc analysis showed
that slices in the 75kD (M = 119.926, SE = 2.579), 100kD (M = 136.739, SE = 3.253),
and 150kD (M = 201.255, SE = 8.180) force groups showed an increase in ROS
fluorescence compared to the 0kD control group (M = 100.000, SE = 2.863), p =.016, p <
.001, and p < .001, respectively. The 50kD force (M = 110.208, SE = 2.675) did not
cause an increase in ROS compared to the 0kD force group (M = 100.000, SE = 2.863), p
= 1.000. Additionally, the 150kD force (M = 201.255, SE = 8.180) did show an increase
in ROS compared to 100kD (M = 136.739, SE = 3.253), and the 100kD force (M =
136.739, SE = 3.253) showed an increase in ROS compared to the 75kD (M = 119.926,
SE = 2.579) force group p < .001 and p = .011, respectively, but there was no difference
between the 75kD (M = 119.926, SE = 2.579) and 50kD force (M = 110.208, SE = 2.675)
groups, p = .586.
1.3.4.4 Main Effect of Injury Dwell
There was a main effect of Injury Dwell in the CA1 and CA3 regions of the
hippocampus, F(1, 322) = 12.323, p = .001 and F(1, 340) = 6.284, p = .013, respectively
(Figure 1.26). In the CA1, a Bonferroni post hoc analysis showed that both the Instant
(M = 140.529, SE = 4.0625) and 5s (M = 152.873, SE = 5.090) dwell times increased
ROS fluorescence above the 0s control group (M = 100.000, SE = 2.528), p < .001.
Additionally, the 5s dwell time (M = 152.873, SE = 5.090) caused an increase in ROS
compared to the Instant dwell group (M = 140.529, SE = 4.0625), p < .001.
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In the CA3, a Bonferroni post hoc analysis showed that both the Instant (M =
136.862, SE = 3.672) and 5s (M = 146.637, SE = 4.968) dwell times increased ROS
fluorescence above the 0s control group (M = 100.000, SE = 2.593), p < .001.
Additionally, the 5s dwell time (M = 146.637, SE = 4.968) caused an increase in ROS
compared to the Instant dwell group (M = 136.862, SE = 3.672), p = .010.
There was no effect of Injury Dwell in the DG, so data were collapsed across
dwell times and re-analyzed to preserve power.
1.3.4.5 Interaction of Replication and Injury Force
There was a significant two-way interaction of Replication and Injury Force in all
three regions of interest (Figure 1.27). In the CA1, F(3, 322) = 69.88, p < .001, most of
the forces, 0kD (R1 M = 98.874, SE = 3.017; R2 M = 101.690, SE = 4.505), 50kD (R1 M
= 119.770, SE = 3.706; R2 M = 107.269, SE = 1.780), and 75kD (R1 M = 122.919, SE =
3.706; R2 M = 113.762, SE = 2.570), showed similar values across replicates 1 and 2.
However, at the higher forces of 100kD (R1 M = 151.458, SE = 4.711; R2 M = 129.661,
SE = 2.872) and 150kD (R1 M = 258.251, SE = 8.562; R2 M = 136.160, SE = 6.156),
tissue taken from the first replicate show higher amounts of ROS fluorescence.
Similarly, in the CA3, F(3, 340) = 55.875, p < .001, most of the forces resulted in
fairly comparable values between replicates, 0kD (R1 M = 95.033, SE = 3.422; R2 M =
107.451, SE = 3.254), 50kD (R1 M = 114.588, SE = 3.489; R2 M =105.868, SE = 2.571),
75kD (R1 M = 117.645, SE = 3.654; R2 M = 113.583, SE = 3.345) and 100kD (R1 M =
144.375, SE = 4.063; R2 M = 129.994, SE = 3.356). However, at the highest force of
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150kD, there was a higher amount of ROS fluorescence in replicate 1 (M = 244.820, SE =
8.769) compared to replicate 2 (M = 134.569, SE = 5.155).
The DG region showed the same pattern as the CA3 region, F(4, 348) = 38.009,
p < .001. Most of the forces most of the forces resulted in fairly comparable values
between replicates, 0kD (R1 M = 93.482, SE = 3.173; R2 M = 109.776 SE = 4.416),
50kD (R1 M = 112.327, SE = 3.839; R2 M =106.926, SE = 3.327), 75kD (R1 M =
120.828, SE = 3.676; R2 M = 118.573, SE = 3.399) and 100kD (R1 M = 141.489, SE =
4.587; R2 M = 129.613, SE = 4.105). However, at the highest force of 150kD, there was
a higher amount of ROS fluorescence in replicate 1 (M = 242.616, SE = 8.682) compared
to replicate 2 (M = 137.214, SE = 5.954).
1.3.4.6 Interaction of Replication and Injury Dwell
There was a significant interaction of Replication and Injury Dwell in the CA1
and CA3 regions, F(1, 322) = 4.925, p = .027 and F(1, 340) = 4.448, p = .036,
respectively (Figure 1.28). In the CA1 at the 0s dwell, there are comparable values
between tissue taken from replicate 1 (M = 98.874, SE = 3.017) and replicate 2 (M =
101.690, SE = 4.505), but the Instant dwell (R1 M = 153.951, SE = 6.135; R2 M =
120.076, SE = 2.664) and the 5s dwell (R1 M = 172.248, SE = 7.537; R2 M = 123.350,
SE = 3.275), there the ROS values are higher in replicate1 compared to replicate 2.
In the DG, at the 0s dwell time, there was a small increase in ROS fluorescence in
replicate 2 (M = 107.451, SE = 3.254) above replicate 1 (M = 95.033, SE = 3.422),
though the values were still relatively close. However, at the Instant (R1 M = 147.553,
SE = 5.525; R2 M = 120.574, SE = 2.891) and 5s (R1 M = 163.161, SE = 7.523; R2 M =
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121.458, SE = 3.104) dwell times, there was more ROS fluorescence in slices cultured
from replicate 1 above replicate 2.
1.3.4.7 Interaction of Sex and Injury Force
There was a significant two-way interaction of Sex and Injury Force in the CA1
region, F(3, 322) = 4.858, p = .003 (Figure 1.29). For the majority of the injuring forces,
0kD (Female M = 100.000, SE = 3.808; Male M = 100.000, SE = 3.427), 50kD (Female
M = 111.898, SE = 3.543; Male M = 117.855, SE = 2.395), 75kD (Female M = 112.421,
SE = 2.801; Male M = 126.092, SE = 3.854), and 100kD (Female M = 135.359, SE =
4.216; Male M = 150.119, SE = 4.757), there was little variance between male and female
slices on ROS fluorescence. However, at the highest injury force, 150kD, there was an
increase in ROS fluorescence in male slices (M = 231.239, SE = 12.802) above female
slices (M = 189.968, SE = 11.459). This interaction was only seen in the CA1.
1.3.4.8 Interaction of Injury Force and Injury Dwell
There was a significant two-way interaction of Injury Force and Dwell in the CA1
and CA3 regions of the hippocampus, F(3, 322) = 4.005, p = .008 and F(3, 340) = 5.112,
p = .002, respectively (Figure 1.30). In the CA1, most of the forces, 50kD (Instant M =
112.452, SE = 2.717; 5s M = 117.217, SE = 3.290), 75kD (Instant M = 118.855, SE =
3.174; 5s M = 119.658, SE = 3.874), 100kD (Instant M = 136.298, SE = 3.972; 5s M =
149.181, SE = 5.028), produce similar values of ROS fluorescence at both the Instant and
5s dwell times. However, at the 150kD, there is an increase in ROS fluorescence in the
5s dwell (M = 227.297, SE = 13.238) above the Instant dwell (M = 193.811, SE =
11.310).
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In the CA3 region, there was a similar interaction where the majority of the forces
50kD (Instant M = 111.377, SE = 2.971; 5s M = 110.960, SE = 3.752), 75kD (Instant M =
118.226, SE = 2.955; 5s M = 113.814, SE = 4.200), and 100kD (Instant M = 133.393, SE
= 3.481; 5s M = 143.852, SE = 4.479) produced relatively similar values across dwell
times. At the 150kD force, there was an increase in the ROS fluorescence at the 5s dwell
(M = 219.750, SE = 12.630) above the Instant dwell (M =183.819, SE = 10.292).
1.3.5

Post Hoc Power Analyses

A post hoc power analysis was also conducted for each significant factor
(Replication, Sex, Injury Force, and Dwell) in experiment 1 given the actual effect size
generated by running the 2x2x5x3 ANOVA. However, as nonsignificant factors were
collapsed and the analysis was re-run without any nonsignificant factors, an effect size
was not generated for that factor. This was done as the effect sizes used in the a priori
analyses were unknown and assumed to be small based on lack of previous similar
studies. Reporting the obtained effect sizes will allow future studies a better estimate for
a priori power analyses and running the post hoc power analyses will also indicate if the
current studies were sufficiently powered as the a priori estimated sample sizes were
larger than the amount of tissue used. For the post hoc power analysis in G*Power, the F
test/ANOVA: Fixed effects, special, main effects, and interactions was used. The
obtained Cohen’s f for each significant factor was entered along with the sample size,
degrees of freedom, and number of groups, with an alpha value of 0.05. To aid
comprehension given the number of post hoc power analyses run, data from these
analyses have been put into tables, see Tables 1.1-1.3.
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1.4

Discussion
1.4.1

Propidium Iodide
1.4.1.1 Effect of Replication

There was a large effect of Replication in all three regions of the hippocampus.
While animals from multiple litters are always used to rule out the effects being
contributed to an unknown litter specific factor, the difference between replicates was
surprising. While it is possible that there were factors specific to the Sprague Dawley
pups from these two litters or small changes in personnel carrying out experimental
procedures that resulted in this difference, the timing of this experiment coincided with
an unexpected laboratory problem. Between replicate 1 and replicate 2, the tissue
cultures began developing holes for an unknown reason. Several troubleshooting
strategies were used to try and ameliorate the problem (e.g., cleaning, replacing filters,
purchasing new materials, etc.) and several concerns were eliminated as the cause.
Eventually, it was determined that finding and fixing a discrepancy between the
incubator’s internal temperature monitor and independent thermometer readings
coincided with the disappearance of holes in the tissue. However, holes in the tissue
plagued experiment 1 and 2. Unanalyzable slices were removed from the study and not
analyzed. However, it is possible that remaining slices may have been compromised
despite appearing unaffected. It is a distinct possibility that the difference between
replicates has little to do with the litters or small procedural and more due to the timing
regarding holey tissue. It is important to note that many of the interactions in experiment
1 involve replication as one of the factors. Generally, in these interactions, the effects
seen in replicate 2 are muted compared to replicate 1 (e.g., Sex x Replication; Injury
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Force x Replication, Injury Dwell x Replication, etc.). Given the concerns regarding
tissue integrity, it is possible that cells may have died prior to treatment and staining, and
the marker was not able to capture this damage.
1.4.1.2 Effect of Sex
There was an effect of sex in the CA1 and CA3 regions of the hippocampus. This
finding is somewhat surprising for multiple regions. First, the tissue used in this
experiment was taken from PND8 rat pups, long before sexual maturation, so any
potential therapeutic effects of estrogen and progesterone are unlikely at play. Second,
the human literature regarding the influence of sex on TBI outcomes is mixed (Ma et al.,
2019). This is partially due to the higher incidence of TBIs in men and the higher
percentage of men enrolled into TBI studies (Ma et al., 2019; Munivenkatapp et al.,
2016). However, it is also important to acknowledge real life TBIs are vastly more
variable and complex than this model. Even in rodent models of TBI, the effect of sex is
not well understood, and some of the explored sex differences were attributed to
differences in sex hormones (Ma et al., 2019; Rubin and Lipton, 2019). One study using a
different model of stretch TBI in hippocampal slice cultures (Morrison et al., 2006) only
took tissue from male rats, which does not set a precedent for potential sex effect. Given
the lack of consensus and existing data, further research into the sex differences between
perinatal rat brain tissue and biochemical pathways triggered following TBI in both
humans and rodent models is needed.
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1.4.1.3 Effect of Force
One of the main goals of experiment 1 was to develop a novel of TBI in
organotypic hippocampal slice cultures. A vital portion of this was to establish that the
force of the impactor hitting the membrane would be sufficient enough to cause trauma.
The data collected indicate this model is capable of delivering a consistent method of
indirect injury to the tissue, as each force tested caused an increase in PI above Control.
The forces were chosen to satisfy three criteria, 1.) impact with a low enough force to
avoid tearing the tissue membrane, 2.) impact with a high enough force to cause damage,
and 3.) impact with a force high enough the SCI impactor could produce a consistent
impact (low level impacts have higher variability). While the forces selected for this
experiment satisfied the criteria, it is possible that other intermediate forces may be able
to produce a scaled effect of injury where there is a significant difference in PI uptake
between all the forces and not just at the highest level of force. It is unsurprising the
effect was seen across all three regions, as the type of injury this mechanism produces is
fairly consistent across the slice.
1.4.1.4 Effect of Dwell
In addition to the manipulating the level of force of the impact, the dwell time of
the impact was altered. The values (instant vs 5s) were chosen semi-arbitrarily.
Experiment 1 is highly exploratory in nature rather than specifically hypothesis driven
given the novelty of the model, therefore, it was decided to pick two drastically different
dwell times. It was predicted that the increased dwell time would worsen the severity of
the injury, which was seen across all regions of the hippocampus. Although the instant

39

dwell time may be the most applicable to modeling TBIs, the ability to alter the dwell
time of the impact lends itself to further characterization and application in future studies.
1.4.1.5 Interactions Caveat
As previously stated, most of the interactions include Replication as one of the
factors and the differences seen between replicates may be confounded by incubator
conditions at the time of the experiments. Restraint and caution are needed in
interpreting these results.
1.4.1.6 Interaction of Sex and Replication
In replicate 1, there was a moderate effect of sex, such that male slices were
showing a higher level of PI uptake compared to female slices. This effect is all but
mitigated in replicate 2. While it is not unusual for tissue from different replicates to have
opposing or no sex effects, it is also possible this was due to compromised tissue being
included in replicate 2. Notably, this sex difference was only seen in the CA1 region of
the hippocampus
1.4.1.7 Interaction of Force and Replication
In the CA1 and DG, the effect of force was more pronounced in replicate 1
compared to replicate 2, such that values for each force were higher in replicate 1
compared to replicate 2 and the values were spread across a wider range in replicate 1
and grouped in replicate 2. Given the injuring mechanism and procedure used were
identical between replicates, it is possible that there were either genetic or environmental
factors (e.g., stress) that differed greatly between replicates. However, given the
presence of holes at the time of replicate 2, it is believed the difference was due to the
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culturing conditions rather than any factors related to the animals. While it is not
uncommon for all cell cultures to experience variability in environmental conditions (e.g.,
pH, O2 and CO2 levels, etc.) (Klein et al., 2022), the change in temperature (and
subsequent pH change) in this experiment was severe enough to result in visible damage
to some of the tissue and likely resulted in altered results.
1.4.1.8 Interaction of Dwell and Replication
Similar to Injury Force, the interaction of Replication and Injury Dwell showed
that Injury Dwell was pronounced in replicate 1, with the 5s dwell time causing more cell
death than the Instant dwell time which caused more cell death than the 0s dwell time
(Control). This effect was minimized greatly in tissue taken from the second replicate,
which, as previously postulated, may be due to cells dying in compromised tissue prior to
any treatment or addition of fluorescent marker. This interaction was seen in all regions
of the hippocampus.
1.4.1.9 Interaction of Sex and Force
Here it becomes clear that the effect of Sex is limited to the highest injury forces
(100kD and 150kD), as there is little variability across sexes in the lower injury force
groups. This interaction is only seen in the CA1 region. Again, the literature surrounding
TBI and sex differences gives mixed information. While multiple mechanisms are
thought to be involved in some of the sex differences that benefit females, even
nonhormonal differences (e.g. differences in DAT, mitochondrial function, etc.) are still
influenced by estrogen and progesterone (Gupte et al., 2019; Ma et al., 2019). It may be
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beneficial to measure levels of estrogen and progesterone in the slices directly to
determine if the sex differences seen may be correlated to hormone levels.
1.4.1.10 Interaction of Injury Dwell and Force
The effect of Injury Dwell was exacerbated at the higher forces (100kD and
150kD) compared the more modest effect seen at the lower forces in the CA1 and DG
regions. It is possible that the amount of displacement of the membrane was reaching a
critical point at the higher injury dwell and forces, resulting in an additive effect. Future
investigation of additional forces and dwell times will help further elucidate why the
effect of dwell time was more pronounced at the higher forces.
1.4.1.11 Interaction of Sex, Replication, and Force
As previously stated, in the CA1, the effect of sex was seen at the higher forces
(100kD and 150kD) in tissue taken from the first litter of animals; however, in tissue
taken for the second replicate, the effect was limited to the 150kD force group only. As
with the other Replication interactions, the effect is typically reduced in replicate 2 tissue
compared to replicate 1, and unfavorable environmental conditions for the tissue during
the time of litter 2 are likely responsible for the drastic difference between replicates.
1.4.1.12 Interaction of Replication, Dwell and Force
In all three regions, there was a significant three-way interaction of Replication,
Dwell, and Force. Tissue from replicate 1 showed an effect of Injury Dwell at each Injury
Force level; however, this effect was muted in tissue taken from replicate 2, such that the
effect of Injury Dwell was only seen at the high forces.
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1.4.2

Summary

The data collected for experiment 1 serves as a promising first step in
characterizing this novel model and understanding how factors of this specific injuring
mechanism influence cell death. A novel model of TBI has been established and has
begun to be characterized. The model is able to deliver an impact that can cause
significant damage to cells at a range of forces and dwell times. The data are muddied
slightly by factors that require more research to understand (tissue from male animals
showing higher levels of PI uptake than tissue from females) and unplanned
environmental changes partway through the experiment, that make the data, particularly
any interactions difficult to explain with confidence. While different regions of the
hippocampus were not a factor in the ANOVAs, some of the effects were only seen in the
CA1 region, which may be due to the increased density of NMDA receptors and specific
NMDAr subtypes that are more present in the CA1 (Butler et al., 2010). Some of the
variability seen and the localization of effects in one or two specific regions but not
others may have more to do with the increased variability injected into the groups by the
differences seen in the replicates, rather than to do with specific factors pertaining to the
regions.
1.4.3

NeuN

1.4.3.1 Effect of Replication
In the CA3 and DG regions of the hippocampus, there was a reduction in NeuN
immunofluorescence in tissue taken for replicate 2 compared to replicate 1. Although not
always, there is typically an inverse relationship between PI uptake and NeuN
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immunofluorescence (i.e., higher levels of PI/lower levels of NeuN, etc.), and that is not
seen here. There are multiple potential causes for this. If the tissue from replicate 2 was
compromised, it is possible that neurons may have been lost prior to the treatment and
analysis, resulting in lower levels of NeuN immunofluorescence. However, it is also
possible that bleed through of PI staining in the NeuN images may have falsely inflated
the NeuN fluorescence values as the same slices were stained with PI and labeled with
NeuN. The same stipulations and concerns regarding Replication discussed for PI uptake
are still applicable for the NeuN data.
1.4.3.2 Effect of Sex
In the DG, male slices showed a reduction in NeuN immunofluorescence
compared to female slices. Interestingly, the effect of Sex was only seen in the DG (as
opposed to the effect being solely in the CA1 region for PI). As PI and NeuN are not
redundant factors, it is possible the sex effect seen in the CA1 are more general or pertain
to non-neuronal cells, and the effect of sex in the DG is limited to neuronal cells.
1.4.3.3 Effect of Injury Force
There was an effect of force across all three regions of the hippocampus.
However, only the highest force (150kD) produced a reduction in NeuN
immunofluorescence compared to control slices. This may indicate that the majority of
cell death seen at the lower forces is non-neuronal in nature. However, tissue in the
150kD-5s groups from replicate 1 was not included in the NeuN analysis as mold
appeared post fixing and drastically reduced the immunofluorescence. So, the effect of
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force in the 150kD force group is being more heavily influenced by tissue from replicate
2, which is suspected to not behave similarly to tissue from replicate 1.
1.4.3.4 Effect of Injury Dwell
Interestingly, despite the impressive effect of Injury Dwell on PI uptake, an injury
dwell of Instant or 5s did not cause a reduction in NeuN immunofluorescence from
Control slices. However, slices in the 5s dwell group did show a reduction in NeuN
immunofluorescence compared to the Instant dwell group. Similar to force, it is possible
that the cell death seen in these slices was driven by non-neuronal cells, and/or the
removal of contaminated 150kD-5s tissue from the NeuN analysis influenced these
results.
1.4.3.5 Interaction of Replication and Sex
The interaction of Replication and Sex was only seen in the DG region. In
replicate 1, female slices showed an increased level of NeuN immunofluorescence
compared to male slices. This effect was then reversed in tissue taken for the second
replicate. While it is possible that there was a difference based solely on factors
pertaining to the rats tissue was cultured from, it is believed that the differences in tissue
integrity may have influenced these results. While work has been done to understand sex
differences in rodent hippocampi, a lot of the work has focused on adult tissue and the
effect of hormones (Premachandra et al., 2020). Some studies have examined the level of
gonadal hormones before sexual maturation, shortly following birth, but effects were
variable and limited to mice (for review see Premachandra et al., 2020).
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1.4.3.6 Interaction of Replication and Force
In both the CA3 and DG, the effect of Force on NeuN immunofluorescence varied
by Replication. In replicate 2, the values start at a plateau and then begin to decrease as
the injuring force increases. However, in replicate 1, the initial plateau drops at the 75kD
force but then maintains at that level and does not continue to decreases as seen in
replicate 2. The previously mentioned concerns regarding the reduced NeuN
immunofluorescence in replicate 2 are still applicable here and likely contribute to the
differences seen.
1.4.3.7 Interaction of Replication and Dwell
The main effect of Injury Dwell is being pushed by tissue taken for replicate 1, as
the effect is non-existent in replicate 2. Tissue from replicate 1 shows a systematic
decrease in NeuN immunofluorescence as the dwell increases, as expected. Tissue from
replicate 2 shows minimal variance between injury dwell groups.
1.4.3.8 Interaction of Injury Dwell and Force
The interaction of Injury Dwell and Force was only present in the DG. As
expected, for most of the force, slices in the Instant dwell had higher levels of NeuN
compared to slices in the 5s dwell groups. However, at the 75kD, the Instant dwell group
has its lowest amount of NeuN and the 5s dwell had its highest amount of NeuN.
However, as none of the other data indicates anything special about the 75kD force level,
it seems this difference may have been due to chance rather than a specific attribute of the
75kD force group.
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1.4.4

Summary

Overall, while the results from the NeuN marker are not inconsistent with what
was seen in the PI marker, some of the effects are muted, especially Injury Force and
Injury Dwell. While this could be due to confounding factors discussed above, it is also
possible that non-neuronal cells are more susceptible to this mechanism of injury, where
higher forces/dwells are necessary to demonstrate the same effects using NeuN. The
initial goal of this model was to mimic axonal stretching damage and while the
immunohistochemistry to support this has yet to be optimized for these cultures, it is
possible that a more specific marker such as NeuN is not fully capturing the scope of
damage.
1.4.5

DCFH-DA

Different tissue was used for the ROS marker than was used for the PI and NeuN
portion of this experiment, therefore replicate 1 and 2 refer now refer to the two litters of
animals that supplied tissue for the ROS studies, and not the litters/replicates that
supplied data for the PI/NeuN studies. At this time in the experimental progression, the
concern regarding holes in the tissue had been fixed.
1.4.5.1 Effect of Replication
There was an effect of Replication across all three regions with tissue taken from
the second replicate showed a decrease in DCF fluorescence compared to tissue taken
from replicate 1. This could be caused by differences in environment or genetic factors
between replicates, but more likely has to do with the timing of assessment. Given that
ROS levels do not remain steady post injury, variance in the timing of assessment may
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cause a difference in the results. While all efforts were made to be consistent with the
timing between iterations, the nature of the injuring, staining, and rinsing procedure
leaves room for small, but potentially important fluctuations in time.
1.4.5.2 Effect of Sex
There was an effect of sex in the CA1 such that male slices showed higher levels
of ROS compared to females. While this is not necessarily inconsistent with existing
literature, the proposed causes of sex differences were varied and attributed to infiltrating
myeloid cells and their role in the neuroinflammatory response (Doran et al., 2019).
Additionally, ROS has a role in neuroinflammation where elevated levels of ROS can
trigger and dysregulate the neuroinflammatory response (Abdul-Muneer et al., 2015; for
review see O’Connell and Littleton-Kearney, 2013; Sollerio-Villavicenco and RivasArancibia, 2018). However, these studies were done in live mice and not rat slice
cultures, so the same mechanics are unlikely to be responsible for this difference.
1.4.5.3 Effect of Force
There was an effect of force across all three regions of interest. While some of the
lower forces (50kD and sometimes 75kD) did not produce a significant increase in ROS,
there was a significant increase in ROS at the higher-level forces. Given the forces were
selected at the start of the experiment, it is possible that the lowest forces are not
sufficient in casing enough damage to activate a significant increase in ROS. The terms
“higher” and “lower” force are descriptive within the parameters of this experiment only,
as it unknown how any of these forces would correlate to an in vivo TBI model, let alone
the human TBI condition.
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1.4.5.4 Effect of Dwell
In the CA1 and CA3 regions there was an effect of Injury Dwell where both
Instant and 5s dwell times increased ROS levels above Control, and the 5s dwell showed
a significant increase from the Instant dwell, as expected. As data from the other markers
indicated an increase in PI and a loss of NeuN at the higher injury forces and dwells, it
follows that ROS should increase as well.
1.4.5.5 Interaction of Force and Replication
In the CA1 and CA3, tissue from replicate 1 is responsible for the main effect of
Injury Force as it is minimal in tissue taken from replicate 2. While litter effects cannot
be ruled out as the cause of these differences between replicates, it is possible that
uncontrollable variation in assessment timing may have contributed and the optimal
window for assessing ROS in replicate two was missed.
1.4.5.6 Interaction of Injury Dwell and Replication
Similar to the previous interaction, the effect of Injury Dwell was driven by tissue
take from the first replicate. In replicate 1, both the Instant and 5s dwell times increased
ROS above the level produced in control tissue. In replicate 2, the values for 0s, Instant
and 5s dwell times were closely grouped together. Again, it is suspected that the ideal
window for capturing the initial increase of ROS was missed in replicate 2, causing the
discrepancy between replicates.
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1.4.5.7 Interaction of Sex and Force
In the CA1, at the 0kD force there is no difference between male and female
tissue, as expected. Then there is a minor increase in male ROS values above female
values at the low forces that gradually increases to a modest effect at the 150kD force.
Given the lower forces were not consistently able to show an effect of ROS, it is
unsurprising that the effect of Sex was reserved for the higher forces.
1.4.5.8 Interaction of Force and Dwell
In the CA1 and CA3 regions, the effect of Injury Dwell was driven by the highest
injury force groups. For the majority of forces, there as minimal variance between the
Instant and 5s dwell times. It is possible the lower force groups were insufficient in
creating sufficient damage to significantly increase ROS, making the effect of Injury
Dwell insignificant.
1.4.6

Summary

The data from this experiment add to the knowledge regarding this injury model
and the data generated is generally consistent with what would be expected for a model
of TBI, further supporting this as a feasible and valid model for in vitro TBI studies.
Some of the inconsistencies seen may be due to the difficulty in assessing ROS both due
to timing and due to limitations of the marker. DCF is not specific for any specific
reactive oxygen species and it must undergo a complicated chemical reaction once
administered to fluoresce, which can cause variability and error in assessment
(Kalyanaraman et al., 2012).
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1.4.7

Limitations

While these studies and development of this model have shown promising results,
it is important to acknowledge the limitations of this work. First and foremost, although
slice cultures retain some structural and physiological organization as seen in the live
animal, there is still a clear disconnect from normal body systems, which may result in
cells behaving differently in culture than in live animals. Cell and slice cultures are
useful tools that can reduce the use of live animal and better inform live animal
experiments; however, they cannot fully replace live animal studies. Any findings from
cell culture work, these studies included, require careful interpretation and confirmation
in live animal studies.
The injuring procedure necessitated temporarily removing cultures from their
sterile and sanitary conditions to go to the surgery suite with the impactor. Tissue from
all groups was taken out of the incubator and taken down to the surgery suite and
returned to the incubator at the same time. It is possible that the time outside the
incubator (approximately 30-60 minutes) may have resulted in some cell death.
However, as all tissue was subjected to this, cell death caused by lowered temperature
should be controlled for with tissue from the Control groups.
Additionally, the appearance of holes in the tissue part way though this experiment may
have altered the results. While ever effort was made to remove compromised tissue, it is
possible that tissue may have been compromised without outward signs of damage.
While the purpose of this experiment was to establish a novel model of TBI in
slice cultures, more specifically, the intent was to cause an axonal stretch injury model.
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While the model involves stretching the tissue and produces cell death, it is not clear that
the model specifically causes damage via stretched or broken axons. Techniques for
determining axonal damage have not been optimized for this type of culture. Attempts to
pilot a marker in these cultures were unsuccessful, leaving the state of axons following
injury in question.
Additionally, in experiment 1, the tissue imaged with PI was fixed and
subsequently underwent IHC to for NeuN, visualized with FITC. The tissue was imaged
under a green light for PI, and a blue light for NeuN. The maximum excitation
wavelengths for PI (535) and FITC (490) differ, but were close enough that there were
instances of PI bleeding through on NeuN images. As the measurement used assessed
the brightness of the fluorescent signal, it was not possible to differentiate between
fluorescence due to NeuN versus PI bleed through. This may have resulted in falsely
inflated NeuN values in some of the slices.
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1.5

Tables and Figures
1.5.1

Post Hoc Power Analyses Tables

Table 1.1: Experiment 1 Propidium Iodide
CA 1
Factor
Litter
Sex
Injury Force
Injury Dwell

Sample Size
254
254
254
254

df
1
1
3
1

Groups Alpha
2
.05
2
.05
5
.05
3
.05

Cohen’s f
0.8475
0.2294
0.7241
0.6097

Power
1.0000
0.9537
1.0000
1.0000

Factor
Litter
Sex
Injury Force
Injury Dwell

Sample Size
254
254
254
254

df
1
1
3
1

Groups Alpha
2
.05
2
.05
5
.05
3
.05

Cohen’s f
0.8668
0.1500
0.5912
0.5264

Power
1.0000
0.6633
1.0000
1.0000

Factor
Litter
Injury Force
Injury Dwell

Sample Size
254
254
254

df
1
3
1

Groups Alpha
2
.05
5
.05
3
.05

Cohen’s f
0.7746
0.7018
0.6703

Power
1.0000
1.0000
1.0000

CA 3

DG

Table 1.1: Post hoc power analyses for all significant main effects for PI in Experiment 1.
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Table 1.2: Experiment 1 NeuN
CA 1
Factor
Injury Force
Injury Dwell

Sample Size
224
224

df
3
1

Groups Alpha
5
.05
3
.05

Cohen’s f
0.3202
0.2526

Power
0.9871
0.9644

Factor
Litter
Injury Force

Sample Size
224
224

df
1
4

Groups Alpha
2
.05
5
.05

Cohen’s f
0.5000
0.3221

Power
1.0000
0.9869

Factor
Litter
Sex
Injury Force
Injury Dwell

Sample Size
224
224
224
224

df
1
1
3
1

Groups Alpha
2
.05
2
.05
5
.05
3
.05

Cohen’s f
0.3675
0.1789
0.5326
0.1500

Power
0.9998
0.7599
0.9999
.6085

CA 3

DG

Table 1.2: Post hoc power analyses for significant main effects for NeuN in Experiment
1.
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Table 1.3: Experiment 1 DCFH-DA
CA 1
Factor
Litter
Sex
Injury Force
Injury Dwell

Sample Size
358
358
358
358

df
1
1
3
1

Groups Alpha
2
.05
2
.05
5
.05
3
.05

Cohen’s f
0.5434
0.2318
1.1632
0.1960

Power
1.0000
0.9921
1.0000
0.9589

Factor
Litter
Injury Force
Injury Dwell

Sample Size
358
358
358

df
1
3
1

Groups Alpha
2
.05
5
.05
3
.05

Cohen’s f
0.3797
1.0040
0.1354

Power
1.0000
1.0000
0.7241

Factor
Litter
Injury Force

Sample Size
358
358

df
1
4

Groups Alpha
2
.05
5
.05

Cohen’s f
0.3221
0.9627

Power
0.9999
1.0000

CA 3

DG

Table 1.3: Post hoc power analyses for all significant main effects for DCF in
Experiment 1.
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1.5.2

Methodological Figures

Figure 1.1 shows a representation of a hippocampal slice, the plating of the slices onto
the culture membrane, and how the impactor struck the membrane of the culture insert.
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Figure 1.2: Figure 1 shows the time line in days in vitro (DIV) for assessing the cellular
damage caused by the TBI model. Tissue dissected from PND 8 Sprague Dawley rat
pups and cultured on DIV 0. Tissue is plated and sent to the incubator for five days. On
DIV 5, tissue is placed into new culture media and returned to the incubator for two days.
Injury takes place on DIV 7, and tissue is then placed into new culture media containing
propidium iodide (PI), a marker for cell death. Tissue is imaged 24 hours later on DIV 8
and then fixed to allowed for NeuN IHC to be done in the future.
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Figure 1.3: Figure 2 shows the timeline to determine if there is an increase in reactive
oxygen species (ROS) following this injury model. Tissue dissected from PND 8 Sprague
Dawley rat pups and cultured on DIV 0. Tissue is plated and sent to the incubator for
five days. On DIV 5, tissue is placed into new culture media and returned to the
incubator for two days. On DIV 7, the tissue was subjected to injury and then
immediately placed into new media containing DCFH-DA, a fluorescent marker used for
ROS. After incubating for 30 minutes, tissue was washed twice in PBS and imaged.
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1.5.3

Propidium Iodide Graphs

Figure 1.4: Effect of Replication on Propidium Iodide Uptake. Tissue taken from
replicate 2 showed a decrease in propidium iodide uptake compared to tissue from
replicate 1 in the CA1, CA3, and DG, p < .05. Data displayed as group means (± SEM).
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Figure 1.5: Effect of Sex on Propidium Iodide Uptake. Tissue taken from female pups
showed a decrease in propidium iodide uptake compared to tissue from male pups in both
the CA1 and CA3 regions, p < .05. Data displayed as group means (± SEM).
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Figure 1.6 Effect of Injury Force on Propidium Iodide Uptake. All injury forces caused
an increase in propidium iodide uptake compared to control slices, p < .05, and the
150kD force caused a significant increase in propidium iodide uptake compared to the
previous injury force of 100kD, p < .05. This effect was consistent in the CA1, CA3, and
DG. Data displayed as group means (± SEM).
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Figure 1.7: Effect of Injury Dwell on Propidium Iodide Uptake. All injury dwells caused
an increase in propidium iodide uptake compared to control slices, p < .05, and the 5s
dwell caused a significant increase in propidium iodide uptake compared to the instant
dwell, p < .05. This effect was consistent in the CA1, CA3, and DG. Data displayed as
group means (± SEM).
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Percent Control Propidium Iodide Uptake
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Figure 1.8: Interaction of Sex and Replication on Propidium Iodide Uptake in the CA1
region. The effect of Sex (more propidium iodide uptake in male slices compared to
female slices) was more pronounced in slices from replicate 1 than was seen in replicate
2, p < .05. Data displayed as group means (± SEM).
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Interaction of Force and Replication in the DG
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Figure 1.9: Interaction of Injury Force and Replication on Propidium Iodide Uptake. In
the CA1 and DG, propidium iodide uptake values were lower in replicate 2 compared to
replicate 1, and the majority of the values generated by the different forces are closely
grouped. However, in replicate 1, not only are the PI values higher, but they are also
spread out across a wider range, p < .05. Error bars represent standard error.
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Figure 1.10: Interaction of Replication and Injury Dwell on Propidium Iodide Uptake.
Propidium iodide uptake values were lower in replicate 2 compared to replicate 1, and the
values are closely grouped regardless of injury dwell value. However, in replicate 1, not
only are the PI values higher, but they are also spread out across a wider range, with the
5s dwell increasing PI uptake above Instant dwell, which was increased above 0s dwell, p
< .05. The effect was consistent between the CA1, CA3, and DG. Error bars represent
standard error.
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Percent Control Propidium Iodide Uptake

Interaction of Sex and Force in the CA1
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Figure 1.11: Interaction of Force and Sex on Propidium Iodide Uptake in the CA1. At the
lower forces, there was no effect of sex; however, at the higher forces (100kD and
150kD), tissue taken from male animals showed an increase in PI above tissue taken from
female animals, p < .05. Error bars represent standard error.
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Figure 1.12: Interaction of Injury Force and Dwell on Propidium Iodide Uptake. In the
CA1 and DG regions of the hippocampus, while there was an increase in PI uptake at the
low injury forces (50kD, 75kD) at the 5s dwell above the Instant dwell, the effect is
exacerbated at the higher force levels (100kD, 150kD), p < .05. Data displayed as group
means (± SEM).
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Figure 1.13: Interaction of Replication, Sex, and Force on Propidium Iodide Uptake in
the CA1. In replicate 1, the effect of sex is seen at the higher forces (100kD and 150kD),
whereas a more modest effect of sex in seen in replicate 2 at only the highest force group,
p < .05. Data displayed as group means (± SEM).
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Figure 1.14: Interaction of Replication, Injury Dwell, and Force on Propidium Iodide
Uptake. In the CA1, CA3, and DG regions, there was a significant interaction of
Replication, Injury Dwell, and Force, p < .05. In tissue taken from replicate 1, there is a
clear effect of dwell at every force level; however, in replicate 2, the effect of dwell is
only seen at the highest force level. Data displayed as group means (± SEM).
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1.5.4

NeuN Graphs

Figure 1.15: Effect of Replication on NeuN Immunofluorescence. In the CA1 and DG
regions, there was an effect of Replication, such that tissue taken from replicate 1 had a
higher amount of NeuN immunofluorescence compared to tissue taken from replicate 2, p
< .05. Data displayed as group means (± SEM).
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Figure 1.16: Effect of Sex on NeuN Immunofluorescence in the DG. In the DG, male
slices showed less NeuN immunofluorescence compared to female slices, p < .05. Data
displayed as group means (± SEM).
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Figure 1.17: Effect of Force on NeuN Immunofluorescence. The highest injury force
caused a reduction in compared to the Control in the CA1, CA3, and DG, p < .05. A #
denotes a significant reduction in NeuN compared to the previous force, p < .05. Data
displayed as group means (± SEM).
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Figure 1.18: Effect of Injury Dwell on NeuN Immunofluorescence. In the CA1, and DG,
there was an effect of Injury Dwell, such that slices from the 5s injury dwell group
showed a reduction in NeuN immunofluorescence compared to the Instant dwell group, p
< .05. Data displayed as group means (± SEM).
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Figure 1.19: Interaction of Replication and Sex on NeuN Immunofluorescence in the DG.
In replicate 1, there was significantly more NeuN immunofluorescence in female slices
above male slices; however, this was reversed in replicate 2, where male slices showed a
modest increase in NeuN immunofluorescence above female slices, p < .05. Data
displayed as group means (± SEM).
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Figure 1.20: Interaction of Replication and Force on NeuN Immunofluorescence. In the
CA3 and DG regions, there was a significant interaction of Replication and injury Force,
p < .05. While the 75kD force shows no difference between replicates, at all other forces,
there is an increase in NeuN immunofluorescence in slices from replicate 1 above
replicate 2, p < .05. Error bars represent +/- 1 standard error.
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Figure 1.21: Interaction of Dwell and Replication on NeuN Immunofluorescence in the
DG. The increase in NeuN immunofluorescence seen in replicate 1 above replicate 2 was
the highest at the 0s dwell time, followed by the Instant dwell times, and then to a modest
increase at the 5s dwell time, p < .05. Error bars represent +/- 1 standard error.
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Figure 1.22: Interaction of Injury Force and Dwell on NeuN Immunofluorescence in the
DG. For the majority of the forces (50kD, 100kD, and 150kD), there was an increase in
NeuN in the Instant dwell time above the 5s dwell time; however, at the 75kD, there was
a reversal of this such that the 5s dwell time had a small increase in NeuN above the
Instant dwell, p < .05. Data displayed as group means (± SEM).
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1.5.5

DCFH-DA Graphs

Figure 1.23: Effect of Replication on ROS Levels. In the CA1, CA3, and DG, there was
a decrease in ROS in slices taken from the second replicate of animals compared to tissue
taken from the first replicate, p < .05. Data displayed as group means (± SEM).
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Figure 1.24: Effect of Sex on ROS Levels in the CA1. In the CA1, female slices showed
a decrease in ROS compared to male slices, p < .05. Data displayed as group means (±
SEM).
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Figure 1.25: Effect of Injury Force on ROS levels. The effect of injuring force on ROS
in the CA1, CA3, and DG, *denotes significance from Control and # denotes a significant
increase from the previous force, p < .05. Data displayed as group means (± SEM).
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Figure 1.26: Effect of Injury Dwell on ROS Level. In the A.CA1 and B.CA3, there was a
significant effect of Injury Dwell on ROS, *denotes an increase in ROS compared to
Control, and # denotes an increase in ROS compared to the Instant dwell time, p < .05.
Data displayed as group means (± SEM).
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Figure 1.27: Interaction of Replication and Force on ROS Levels. In the CA1, CA3, and
DG, there was a minimal effect of replicate at the majority of injuring forces (0kD, 50kD,
75kD, and 100kD), however, there was an increase in ROS at the 150kD force in
replicate 1 above replicate 2, p < .05. Error bars represent +/- 1 standard error.
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Figure 1.28: Interaction of Replication and Injury Dwell on ROS Levels. In the CA1, and
CA3, there was an interaction of Replication and Injury Dwell on ROS, p < .05. At the
0s dwell, there was either no difference between replicate 1 and 2 (CA1) or an increase in
ROS in replicate 2 above replicate 1 (DG). However, at the Instant and 5s, there was
more ROS in slices from replicate 1 above replicate 2 in both the CA1 and DG. Error
bars represent +/- 1 standard error.
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Figure 1.29: Interaction of Force and Sex on ROS Levels in the CA1. For the majority of
the forces, there was little variance in ROS between Male and Female slices, but at the
highest injury force, there was a modest increase in ROS in male slices above female
slices, p < .05. Error bars represent +/- 1 standard error.
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Figure 1.30: Interaction of Force and Dwell on ROS Levels. In the CA1 and CA3, there
was an interaction of Injury Force and Dwell, p < .05. At the low forces, there was little
variance in ROS between Instant and 5s, but at the highest injury force, the 5s dwell
showed an increase in ROS above the Instant dwell group. Data displayed as group
means (± SEM).
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CHAPTER 2. ALCOHOL EXPOSURE PRIOR TO TBI
2.1

Introduction
2.1.1

Effects of Alcohol

Alcohol use prior to sustaining a TBI is relatively common. While blood alcohol
levels are not taken for all TBI patients at the time of their injury, when they are, between
25%-51% of individuals are intoxicated at the time of their injury (Corrigan, 1995;
Shandro et al, 2009). There is evidence to suggest a bias in blood alcohol assessments
based on the severity of the injury. Individuals that die instantly or upon arrival to the
hospital have their BAC taken 93-99% of the time, whereas severe TBI is 61% of the
time and mild TBI a mere 30% of the time (Kraus et al., 1989). Additionally, many
studies use a BAC of 0.1 as the threshold of intoxication, but impairments may be seen at
much lower levels (National Highway Traffic Safety Administration, 2016; Shanin and
Robertson, 2012). Alcohol is considered to be risk factor for all injuries, and is a
predominant risk factor for sustaining a TBI (Kolakowsky-Hayner et al., 1999; Shandro
et al., 2009). As of 2019, 14.5 million individuals in the U.S. met the criteria for an
alcohol use disorder (SAMHSA, 2019). Over 88,000 individuals die from alcohol related
causes each year, making alcohol related deaths the third preventable cause of death
(CDC, 2018). Binge drinking is responsible for more than half of these deaths (Kanny et
al., 2018). Misuse of alcohol costs $249 billion in the U.S. each year (Sacks et al., 2015),
with the majority of this financial burden generated from binge drinking (Sacks et al.,
2015). Binge drinking is a component of risky drinking and is associated with a higher
risk of developing alcohol use disorder (AUD) later in life (Hingson et al., 2006). The
effects of alcohol use vary widely and depend on a range of characteristics such as
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individual factors, genetics, family history of drinking, age, sex, and socioeconomic
background (Oscar-Berman and Marinković, 2007), which may explain why individuals
with AUD can have severe, permanent impairments in their cognitive, sensory, and motor
function, whereas other may not show any noticeable impairments in function (OscarBerman and Marinković, 2007). History of alcohol use is associated with atrophy of the
frontal lobes, enlarged ventricles and wider sulci (Oscar-Berman and Markinković, 2007;
Sullivan and Pfefferbaum, 2013), reduced volume of limbic and striatal stuctures
(Sullivan and Pfefferbaum, 2013), white matter damage (Pfefferbaum et al., 2006;
Sullivan and Pfefferbaum, 2013), and altered blood flow and glucose utilization
(Moselhy et al., 2001). An important aspect of neurodegeneration from alcohol use is
from the periods of abstinence following use (alcohol withdrawal) (Duka et al., 2004;
Mello and Mendleson, 1972). The pattern of use and subsequent withdrawal leads to
neuroadaptations (Duka, 2004). Chronic use of alcohol leads to an increase in the
expression of NMDA receptors and increases the function of the existing receptors
(Chandrasekar, 2013). These changes cause the glutamatergic system to become
sensitized, which may then lead to excitotoxic damage (Lovinger, 1993). As high levels
of calcium and excitotoxicity are commonly seen post injury, (e.g., Bullock et al. 1998,
Chamoun et al., 2010; Faden et al., 1989, Folkersma et al., 2011; Guerriero et al., 2015),
previous sensitization of this system by alcohol use/withdrawal may exacerbate the
effects of post-injury calcium influx.
2.1.2

Effect of Alcohol on TBIs

There is no consensus as to how alcohol impacts TBI cellular processes and
patient outcomes. Studies have found alcohol use to be associated with worse outcomes
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such as increased likelihood of increased likelihood of severe computerized tomography
(CT) scan lesions (Cunningham et al., 2002) and more severely graded TBIs (Scheenen et
al., 2016), worse cognitive outcomes (Joseph et al., 2015; Mathias and Osborn, 2018),
higher risk of intubation, intracranial pressure monitoring, and surgical intervention
(Gurney et al., 1992; Pandit et al., 2014; Shahin and Robertson, 2012), extended hospital
stays, increased need for rehabilitation (Pandit et al., 2014), higher levels of disability
(Mathias and Osborn, 2018) and increased mortality (Pandit et al., 2014; Ruff et al.,
1990) compared to sober patients. However, other studies have found there to be no
difference between sober and intoxicated patient in terms of neuropsychological
outcomes (e.g., Dikmen et al., 1993; Lange et al., 2014; Lange et al., 2008) and no effect
on mortality in hospital, 90 days post injury, or one-year post injury (Shandro et al.,
2009). Other studies have shown alcohol is associated with improved outcomes such as
equal or superior cognitive function Lange et al., 2008), better outcomes two weeks
following injury (Scheenen et al., 2016) and lower rates of mortality than sober TBI
patients (Berry et al., 2011; Raj et al., 2015).
2.1.3

Hypotheses

Given the human literature, it is difficult to predict how alcohol will impact a
novel model of TBI. However, given the ethanol use in the model involves a period of
withdrawal, it is hypothesized that the withdrawal process will sensitize NMDA
receptors, exacerbating the injury from the TBI.

88

2.2

Methods
2.2.1

Organotypic Hippocampal Slice Culture Preparation

Male and female Sprague Dawley pups, postnatal day 8, (Harlan Laboratories;
Indianapolis, IN), were humanely euthanized via rapid decapitation and tissue was
harvested using aseptic technique. Rat brains were removed and placed into cold
dissecting media, made up of Minimum Essential Media (MEM; Invitrogen, Carlsbad,
CA), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Sigma, St. Louis,
MO), streptomycin/penicillin (Invitrogen) and Amphotericin B solution (Sigma). Brains
were cut midsagitally from anterior to posterior using a No.10 scalpel and the hippocampi
were carefully removed. Any excess tissue or membranes still attached to the
hippocampi were cleared off using a No. 15 scalpel. After excess tissue was removed
from the hippocampi, they were chopped from dorsal to ventral into 200m thick slices
using a McIllwain Tissue Chopper (Mickle Laboratory Engineering Co. Ltd., Gomshall,
UK). Slices were then inspected under a stereoscope to ensure all areas of interest (CA1,
CA3, and dentate gyrus DG) were intact and that there were no visible signs of damage
or stretching. Slices that did not meet these criteria were discarded and not cultured for
this study. Slices that met selection criteria were plated onto biopore membrane inserts
(Millicell; Millipore, MA, USA) with 4 slices per insert. An advantage of using slice
cultures is the reduced use of laboratory animals; therefore, multiple tissue slices from
each animal are harvested and cultured. To reduce the impact tissue from a single animal
has on any specific treatment group, the assignment to the treatment groups was
randomized. Following chopping of the tissue into 200 µM sections, tissue is placed into
petri dishes filled with culture media and labeled with the animal number. Upon plating,
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all petri dishes are sorted into male and female piles. Once all the dishes for one sex are
grouped together, the identifying information on the lids is removed and slices are drawn
up using a cutoff transfer pipette, randomly pulling slices from the different petri dishes
and plating them onto the culture membrane. Depending on the number of animals per
sex, a single animal may contribute 0-2 slices per culture insert; however, all culture
inserts will have slices from multiple animals, regardless. Given the nature of the injury
mechanism, plating of the slices was vital for injury consistency. All slices were plated
to ensure slices did not overlap or touch the wall of the membranes insert. Additionally,
slices were strategically placed in a circle equidistant from the center of the insert (see
Figure 1.1). A micropipette was used to carefully remove any excess culture media
pooled around the slices. Inserts were placed into six well culture plates containing
1.5mL of 37ºC culture media per well. Tissue was placed into an incubator (37ºC at 5%
CO2) for five days prior to any treatment to allow for tissue affixion to the membranes
and for tissue recovery post dissection. Following the five-day incubation of the tissue
prior to treatment, each culture insert is randomly assigned to a treatment group, allowing
a representative sample of the animals to be included in every treatment group.
2.2.2

Ethanol and TBI Treatment Procedures

After five days of incubation, tissue inserts were placed into new six-well plates.
Cultures were randomly assigned to receive new control or ethanol media. Ethanol media
was made to be 50mM, a concentration that roughly equates to a BAC of 0.23. Plates
were returned to the incubator and the process was repeated the following day. The
purpose of replenishing the media was to minimize opportunity for the ethanol to
evaporate from the media. After two days of ethanol exposure (at seven days in vitro),
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tissue was subjected to the injuring procedure. Culture plates were removed from the
incubator and taken to a surgery suite containing the SCI impactor. Tissue in the control
group were also taken to the surgery suite and treated as the TBI groups, aside from the
injury. While conditions were non-sterile, effort was made to reduce the risk of
contamination. The impactor was fitted with the impounder (2.5mm) and was calibrated
prior to injuring the tissue. Inserts were individually removed from the culture plate for
each impact. Any excess media on the insert was gently dried using Kimwipes. Each
insert was inverted upon the stage of the SCI impactor so that the non-tissue side of the
membrane was facing the impounder. The impounder was manually positioned to be
5mm above the center of the membrane, equidistant from the slices. The desired force
(50kD or 100kD) and duration of the impact (0 or 5 seconds) was entered into a computer
running IH software (version 5.0.4), compatible with Windows. These forces were
selected based on the previous experiment, and chosen to determine the effects on a
milder and more severe injury without running into a floor or ceiling effect. Following
injury, inserts were returned to their corresponding wells in the culture plates. Once all
tissue was injured, it was placed into new six well plates filled with fresh pre-incubated
media (37ºC) containing 7.48M propidium iodide (PI) and returned to the incubator.
2.2.3

Imaging

2.2.3.1 Propidium Iodide Staining Protocol
Tissue was placed into new 6 well culture plates containing 1 mL of 7.48M PI
culture media in the bottom of each well. Propidium iodide fluoresces after binding to
nucleic acids and, given that PI is a highly polar compound, it is only able to enter cells if
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the cell membrane is compromised (Cummings et al., 2004; Macklis and Madison, 1990;
Zimmer et al., 2000). Propidium iodide has been well correlated with other markers of
cell death (Wilkins et al., 2006). Tissue was imaged 24 hours post injury with a green
fluorescent filter under a 5x objective lens of a Leica DM-IRB microscope (W.
Nuhsbahm Inc.; McHenry, IL, USA). The microscope was connected to a computer that
ran SPOT advanced software (Windows, version 4.02) via a SPOT 7.2 color mosaic
camera (W. Nuhsburg). Images were then analyzed using Image J software (NIH,
Bethesda, MD). For every slice, 4 measures were taken: the intensity of the background,
the CA1 region, the CA3 region, and the DG region. The background reading was
subtracted from the other 3 regional measurements taken for that slice. To reduce
variability between tissue from different litters, readings were converted to a precent
control using (S-B)/C, where S is the intensity of the region, B is the background
intensity, and C is the mean fluorescent value for the control groups (CA1, CA3, DG, as
appropriate) for each litter (see Mulholland et al., 2005). Following PI imaging, tissue
was fixed using a 10% formalin solution for future immunohistochemistry. Despite
fixing, some tissue developed suspected mold due to being in a non-sterile environment
and were excluded from further immunohistochemical analyses.
2.2.3.2 NeuN Staining Protocol
NeuN is an immunohistochemical marker of mature neurons (Kim et al., 2009).
After tissue is fixed, inserts were placed into six well plates containing
immunohistochemical (IHC) buffer made up of PBS, Triton, and Bovine Serum Albumin
(BSA). One milliliter of IHC buffer was slowly pipetted on top of the tissue and left in
this solution for 45 minutes. Inserts were then rinsed twice in PBS and placed into new
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six well plates containing 1mL of PBS into the bottom. Anti-NeuN (mouse host;
Millipore Sigma) was mixed into the IHC buffer (1:200) and 1mL of this solution was
slowly pipetted on top of the inserts. Tissue was placed at 4ºC for 24 hours. The
following day, inserts were rinsed twice in PBS and then placed into new 6 well plates
with 1 mL of PBS at the bottom. The FITC (Goat anti-mouse; Millipore Sigma)
fluorescent secondary was mixed into the IHC buffer (1:200) and 1mL of this solution
was slowly pipetted on top of the inserts. Tissue was returned to the refrigerator for 24
hours. The following day, the inserts were washed twice in PBS, and inserts were placed
into new six well plates with 1 mL of PBS at the bottom of the well. Tissue was then
imaged under a blue fluorescent filter and the readings were scaled as described above.
2.2.4

Statistical Analyses

A priori power analyses were conducted for each factor to determine the sample
size needed to appropriately power the experiments. Statistical analyses were conducted
to determine the effect of Replication, Sex, Ethanol, Injury Force, and Injury Dwell on
propidium iodide fluorescence to estimate cell death and NeuN immunofluorescence to
estimate neuronal survival in three regions of the hippocampus. Data were assessed in
SPSS (version 27) using a 3 x 2 x 2 x 3 x 3 ANOVA, with significance level set to p ≤
0.05. When appropriate, a Bonferroni post hoc test was conducted. A post hoc power
analysis was also conducted on each significant factor to determine the actual effect size
and achieved power.
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2.2.5

Experimental Timeline

For the sake of clarity, the specific timeline is represented in the Figure 2.1,
below. Figure 2.1 shows the timeline of the tissue marked with propidium iodide, fixed
and then underwent immunohistochemical staining for NeuN.

2.3

Results
2.3.1

A priori Power Analyses

An a priori power analysis was conducted for each factor (Replication, Sex,
Ethanol, Injury Force, and Injury Dwell) in experiment 2. As these experiments were
novel and exploratory in nature, a small effect size (0.20) was assumed. Alpha and beta
values were set to 0.05 and 0.10, respectively. While there can be variation in these
values based on the field and researcher, alpha values are typically set to be between
0.01-0.10 and beta values are typically set between 0.05-0.20 (Banerjee et al., 2009). The
selected values for alpha and beta are both within these standard windows. G*Power (v.
3.1.9.6) was used to conduct all included power analyses (Faul et al., 2007; Faul et al.,
2009). In G*Power, for all a priori power analyses, the test family was an F test, and the
statistical test used was “ANOVA: Fixed effects, special, main effects, and interactions”.
To conduct these analyses, following information was required - estimated effect size
(Cohen’s f), desired alpha and power values, and numerator degrees of freedom and
number of groups for the specific factor.
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2.3.1.1 Effect of Replication
The a priori power analysis for Replication, with an alpha of 0.05, power of 0.90,
and an assumed effect size of f = 0.20, was conducted. The factor of Replication had 3
groups and a numerator degree of freedom of 2. For Replication, it was determined that a
sample size of 320 slices was necessary for this effect to be sufficiently powered.
2.3.1.2 Effect of Sex
The a priori power analysis for Sex, with an alpha of 0.05, power of 0.90, and an
assumed effect size of f = 0.20, was conducted. The factor of Sex had 2 groups and a
numerator degree of freedom of 1. For Sex, it was determined that a sample size of 265
slices was necessary for this effect to be sufficiently powered.
2.3.1.3 Effect of Ethanol
The a priori power analysis for Ethanol, with an alpha of 0.05, power of 0.90, and
an assumed effect size of f = 0.20, was conducted. The factor of Ethanol had 2 groups
and a numerator degree of freedom of 1. For Ethanol, it was determined that a sample
size of 265 slices was necessary for this effect to be sufficiently powered.
2.3.1.4 Effect of Injury Force
The a priori power analysis for Injury Force, with an alpha of 0.05, power of
0.90, and an assumed effect size of f = 0.20, was conducted. The factor of Injury Force
had 3 groups and a numerator degree of freedom of 2. For Injury Force, it was
determined that a sample size of 320 slices was necessary for this effect to be sufficiently
powered.
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2.3.1.5 Effect of Injury Dwell
The a priori power analysis for Injury Dwell, with an alpha of 0.05, power of
0.90, and an assumed effect size of f = 0.20, was conducted. The factor of Injury Dwell
had 3 groups and a numerator degree of freedom of 2. For Injury Dwell, it was
determined that a sample size of 320 slices was necessary for this effect to be sufficiently
powered.
2.3.2

Estimating Cell Death with Propidium Iodide
2.3.2.1 Main Effect of Replication

There was a significant effect of Replication in every region of interest in the
hippocampus (Figure 2.2). In the CA1, a Bonferroni post hoc analysis showed that each
replicate showed different levels of PI fluorescence compared to each other, F(2, 566) =
36.338, p < .001. More specifically, tissue from replicate 1 (M = 181.357, SE = 5.537)
had the highest amount of PI fluorescence, followed by replicate 3 (M = 151.827, SE =
3.946), and finally replicate 2 (M = 125.509, SE = 3.822), p < .001.
In the CA3, a Bonferroni post hoc analysis showed that each replicate showed
different levels of PI fluorescence compared to each other, F(2, 566) = 53.683, p < .001.
More specifically, tissue from replicate 1 (M = 163.215, SE = 4.191) had the highest
amount of PI fluorescence, followed by replicate 3 (M = 152.538, SE = 3.329), and
finally replicate 2 (M = 113.379, SE = 3.530), p < .001.
In the DG, a Bonferroni post hoc analysis showed that each replicate showed
different levels of PI fluorescence compared to each other, F(2, 581) = 37.894, p < .001.
More specifically, tissue from replicate 1 (M = 179.862, SE = 6.230) had the highest
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amount of PI fluorescence, followed by replicate 3 (M = 154.025, SE = 4.214), and
finally replicate 2 (M = 118.017, SE = 4.099), p < .001.
2.3.2.2 Main Effect of Ethanol
There was a main effect of Ethanol in the CA1 and CA3 regions of the hippocampus,
F(1, 566) = 4.74, p = .003 and F(1, 566) = 7.732, p = .006, respectively (Figure 2.3). In
the CA1, slices in the 50mM Ethanol groups (M = 156.763, SE = 4.105) showed a higher
level of PI fluorescence compared to slices in the 0mM groups (M = 148.213, SE =
3.534).
In the CA3, slices in the 50mM Ethanol groups (M = 147.927, SE = 3.425)
showed a higher level of PI fluorescence compared to slices in the 0mM groups (M =
139.118, SE = 3.003).
2.3.2.3 Main Effect of Injury Force
There was a significant effect of Injury Force on PI uptake in all three regions of
interest (Figure 2.4). In the CA1, F(1, 566) = 43.212, p < .001, a Bonferroni post hoc
analysis showed both that the 50kD (M = 148.738, SE = 3.729) and 100kD injury forces
(M = 178.502, SE = 4.726) caused a higher uptake of PI compared to the 0kD forces (M =
104.918, SE = 2.181), p < .001, and that the 100kD (M = 178.502, SE = 4.726) force
caused greater PI uptake above the 50kD force (M = 148.738, SE = 3.729), p < .001.
In the CA3, F(1, 566) = 36.599, p < .001, a Bonferroni post hoc analysis showed
both that the 50kD (M = 140.765, SE = 3.048) and 100kD injury forces (M = 163.930, SE
= 4.009) caused a higher uptake of PI compared to the 0kD forces (M = 105.647, SE =
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2.732) , p < .001, and that the 100kD (M = 163.930, SE = 4.009) force caused greater PI
uptake above the 50kD force (M = 140.765, SE = 3.048), p < .001.
In the DG, F(1, 581) = 37.583, p < .001, a Bonferroni post hoc analysis showed
both that the 50kD (M = 146.060, SE = 3.991) and 100kD injury forces (M = 177.605, SE
= 5.329) caused a higher uptake of PI compared to the 0kD forces (M = 102.192, SE =
2.577) , p < .001, and that the 100kD (M = 177.605, SE = 5.329) force caused greater PI
uptake above the 50kD force (M = 146.060, SE = 3.991), p < .001.
2.3.2.4 Main Effect of Injury Dwell
There was a main effect of Injury Dwell in every hippocampal region of interest
(Figure 2.5). In the CA1, F(1, 566) = 37.447, p < .001, a Bonferroni post hoc analysis
showed that both the Instant (M = 149.300, SE = 3.880) and 5s (M = 178.200, SE =
4.632) dwell times showed an increase in PI uptake compared to the 0s dwell time (M =
104.918, SE = 2.182), p < .001. In addition, the 5s dwell time (M = 178.200, SE = 4.632)
caused an increased uptake of PI above the Instant dwell time (M = 149.300, SE = 3.880),
p < .001.
In the CA3, F(1, 566) = 39.413, p < .001, a Bonferroni post hoc analysis showed
that both the Instant (M = 139.520, SE = 3.256) and 5s (M = 165.356, SE = 3.825) dwell
times showed an increase in PI uptake compared to the 0s dwell time (M = 105.647, SE =
2.731), p < .001. In addition, the 5s dwell time (M = 165.356, SE = 3.825) caused an
increased uptake of PI above the Instant dwell time (M = 139.520, SE = 3.256), p < .001.
In the DG, F(1, 581) = 47.764, p < .001, a Bonferroni post hoc analysis showed
that both the Instant (M = 143.057, SE = 3.930) and 5s (M = 180.845, SE = 5.310) dwell
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times showed an increase in PI uptake compared to the 0s dwell time (M = 102.192, SE =
2.578), p < .001. In addition, the 5s dwell time (M = 180.845, SE = 5.310) caused an
increased uptake of PI above the Instant dwell time (M = 143.057, SE = 3.930), p < .001.
2.3.2.5 Interaction of Ethanol and Replication
There was a two-way interaction of Ethanol and Replication on PI uptake in the
CA3, F(2, 566) = 4.419, p = .012 (Figure 2.6). The effect of Ethanol was minimal in
replicates 2 (0mM M = 113.883, SE = 4.855; 50mM M = 112.863, SE = 5.157) and 3
(0mM M = 151.337, SE = 4.932; 50mM M = 153.740, SE = 4.490), but in replicate 1,
the treatment of 50mM Ethanol (M = 180.333, SE = 6.599) caused an increase in PI
uptake compared to the 0mM group (M = 149.241, SE = 4.977).
2.3.2.6 Interaction of Ethanol and Injury Force
There was a significant two-way interaction of Ethanol and Injury Force in the
CA1 and CA3 region, F(1, 566) = 13.090, p < .001 and F(1, 566) = 13.997, p < .001,
respectively (Figure 2.7). In the CA1, the 0kD (0mM M = 100.000, SE = 2.435; 50mM
M = 110.972, SE = 3.690) and 50kD (0mM M = 154.487, SE = 5.526; 50mM M =
142.940, SE = 4.970) groups did not show much variance between the 0mM and 50mM
Ethanol groups. However, at the 100kD force, the effect of ethanol on PI was increased
such that tissue pre-exposed to 50mM ethanol prior to a 100kD injury (M = 190.766, SE
= 7.359) showed more PI uptake than control (0mM) tissue was injured at the 100kD
force (M = 166.925, SE = 5.854).
In the CA3, the 0kD (0mM M = 100.000, SE = 3.212; 50mM M = 112.598, SE =
4.486) and 50kD (0mM M = 145.374, SE = 4.426; 50mM M = 142.552, SE = 5.008)
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groups did not show much variance between the 0mM and 50mM Ethanol groups.
However, at the 100kD force, the effect of ethanol on PI was increased such that tissue
pre-exposed to 50mM ethanol prior to a 100kD injury (M = 169.558, SE = 5.724) showed
more PI uptake than control (0mM) tissue was injured at the 100kD force (M = 153.190,
SE = 5.134).
2.3.2.7 Interaction of Injury Dwell and Force
There was a significant two-way interaction of Injury Dwell and Force in all three
regions of interest (Figure 2.8). In the CA1, F(1, 566) = 19.730, p < .001, the effect of
dwell was modest at the 50kD force (Instant M = 144.929, SE = 5.351; 5s M = 152.328,
SE = 5.199), but pronounced at the 100kD force (Instant M = 153.346, SE = 5.590; 5s M
= 204.715, SE = 6.941).
In the CA3, F(1, 566) = 9.628, p = .002, the effect of dwell was modest at the
50kD force (Instant M = 134.195, SE = 4.337; 5s M = 146.958, SE = 4.224), but
pronounced at the 100kD force (Instant M = 144.459, SE = 4.790; 5s M = 184.219, SE =
5.961).
The same effect was seen in the DG, F(1, 581) = 14.110, p < .001. The effect of
ethanol on PI uptake was minimal at the 50kD force (Instant M = 138.057, SE = 5.411; 5s
M = 153.604, SE = 5.778), but pronounced at the 100kD force (Instant M = 147.694, SE =
5.663; 5s M = 208.773, SE = 8.245).
2.3.2.8 Interaction of Replication, Ethanol, and Injury Force
There was a significant three-way interaction of Replication, Ethanol, and Force
in the CA3, F(2, 566) = 4.577, p = .011 (Figure 2.9). For Replicate 2, the values for
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0mM and 50mM groups have fairly consistent values across the 0kD (0mM M = 95.944,
SE = 7.134; 50mM M = 89.571, SE = 5.768), 50kD (0mM M = 109.056, SE = 6.080;
50mM M =110.065, SE = 7.031), and 100kD (M = 125.905, SE = 8.974; M = 126.972, SE
= 9.948) forces. Similarly in Replicate 3, the values for 0mM and 50mM are fairly
consistent across all forces, 0kD (0mM M = 104.944, SE = 3.390; 50mM M = 127.062,
SE = 4.399), 50kD (0mM M = 153.767, SE = 7.033; 50mM M = 140.190, SE = 4.544),
and 100kD (0mM M = 172.104, SE = 8.256; 50mM M = 179.489, SE = 8.532). In
contrast, in Replicate 1, while the values in the 0kD (0mM M = 98.334, SE = 6.147;
50mM M = 118.232 SE = 11.697and 50kD (0mM M = 167.137, SE = 6.606; 50mM M =
162.824, SE = 8.336) forces were fairly consistent across ethanol status, in the 100kD,
there was a larger difference between slices in the 0mM (M = 160.647, SE = 7.704) and
the 50mM (M = 219.408, SE = 7.755) pre-treatment. This interaction was seen in the
CA1 region only.
2.3.2.9 Interaction of Replication, Ethanol, and Injury Dwell
There was a significant three-way interaction of Replication, Ethanol, and Dwell
in the CA3 region of the hippocampus, F(2, 566) = 5.937, p = .003 (Figure 2.10). In
Replicate 2, the values for 0mM and 50mM groups have fairly consistent values across
the 0s (0mM M = 95.944, SE = 7.134; 50mM M = 89.571, SE = 5.768), Instant (0mM M
= 116.972, SE = 7.486, 50mM M = 100.228, SE = 6.432), and 5s (0mM M = 119.763, SE
= 8.705; 50mM M = 137.903, SE = 9.586) dwells. Similarly, in Replicate 3, the values
for 0mM and 50mM are fairly consistent across injury dwell times, 0s (0mM M =
104.944, SE = 3.389; 50mM M = 127.062, SE = 4.399), Instant (0mM M =147.598, SE =
6.651; 50mM M = 144.192, SE = 4.669), and 5s (0mM M = 177.620, SE = 8.130; 50mM
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M = 176.254, SE = 8.928). Slices from Replicate 1 show fairly consistent PI uptake
values across ethanol status at the 0s (0mM M =98.334, SE = 6.147; 50mM M = 118.232,
SE = 11.700) and 5s (0mM M =181.770, SE = 6.434; 50mM M = 194.759, SE = 9.217)
dwells, but at the Instant dwell time, the 50mM ethanol pre-treated group (M = 190.077,
SE = 9.625) showed an increase above the 0mM Instant dwell group (M = 143.134, SE =
6.380).
2.3.3

Estimating Neuronal Survival in NeuN/FITC
2.3.3.1 Main Effect of Replication

There was a significant main effect of Replication in each of the three regions of
interest (Figure 2.11). In the CA1, F(2, 561) = 78.627, p < .001, a Bonferroni post hoc
analysis showed that all replicatess had different levels of NeuN fluorescence. More
specifically, tissue from Replicate 2 showed the highest amount of NeuN
immunofluorescence (M = 101.529, SE = 1.595), followed by Replicate 3 (M = 89.607,
SE = 1.195), and Replicate 1 (M = 74.468, SE = 1.762).
In the CA3, F(2, 531) = 28.033, p < .001, a Bonferroni post hoc analysis showed
that Replicate 1 (M = 70.982, SE = 1.8113) had significantly less NeuN
immunofluorescence than tissue taken from Replicate 2 (M = 90.477, SE = 2.026) or
Replicate 3 (M = 89.833, SE = 1.767), p < .001. There was no difference between NeuN
immunofluorescence between Replicate 2 (M = 90.477, SE = 2.026) and Replicate 3 (M =
89.833, SE = 1.767), p = 1.000.
In the DG, F(2, 549) = 47.264, p < .001, a Bonferroni post hoc analysis revealed
that Replicate 1 (M = 73.034, SE = 1.672) had significantly less NeuN
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immunofluorescence than tissue taken from Replicate 2 (M = 91.852, SE = 1.521) or
Replicate 3 (M = 88.338, SE = 1.098), p < .001. There was no difference between NeuN
immunofluorescence between Replicate 2 (M = 91.852, SE = 1.521) and Replicate 3 (M =
88.338, SE = 1.098), p = .126.
2.3.3.2 Main Effect of Sex
There was a significant effect of Sex in the CA3, F(1, 531) = 10.114, p = .002
(Figure 2.12). Tissue taken from male animals (M = 88.731, SE = 1.663) showed a higher
amount of NeuN immunofluorescence than tissue taken from female animals (M =
80.947, SE = 1.537). This effect was only seen in the CA3.
2.3.3.3 Main Effect of Ethanol
There was a main effect of Ethanol in all three regions of interest (Figure 2.13). In
the CA1, F(1, 561) = 28.789, p < .001, slices treated with 50mM (M = 84.887, SE =
1.357) showed a reduction in NeuN immunofluorescence compared to slices in the 0mM
condition (M = 93.390, SE = 1.312).
In the CA3, F(1, 531) = 21.347, p < .001, slices treated with 50mM (M = 80.410,
SE = 1.591) showed a reduction in NeuN immunofluorescence compared to slices in the
0mM condition (M = 89.060, SE = 1.601).
In the DG, F(1, 549) = 45.596, p < .001, slices treated with 50mM (M = 80.044,
SE = 1.187) showed a reduction in NeuN immunofluorescence compared to slices in the
0mM condition (M = 90.203, SE = 1.187).
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2.3.3.4 Main Effect of Injury Force
There was a main effect of Injury Force in the CA3, and DG region of the
hippocampus, F(2, 531) = 14.824, p < .001 and F(1, 549) = 27.148, p < .001, respectively
(Figure 2.14). In the CA3, a Bonferroni post hoc test revealed that both the 50kD (M =
85.607, SE = 1.904) and 100kD (M = 79.039, SE = 1.610) forces significantly reduced
NeuN immunofluorescence compared to the 0kD force (M = 94.823, SE = 2.535), p =
.003 and p < .001, respectively. The 100kD force group (M = 79.039, SE = 1.610) also
reduced the amount of NeuN immunofluorescence above that caused by the 50kD group
(M = 85.607, SE = 1.904).
In the DG, a Bonferroni post hoc analysis revealed that both the 50kD (M =
84.816, SE = 1.446) and 100kD force (M = 80.624, SE = 1.210) groups reduced NeuN
immunofluorescence compared to the 0kD group (M = 95.220, SE = 1.826), p < .001. The
100kD force group (M = 80.624, SE = 1.210) also reduced the amount of NeuN
immunofluorescence above that caused by the 50kD group (M = 84.816, SE = 1.446), p =
.031.
2.3.3.5 Interaction of Replication and Injury Force
There was a two-way interaction of Injury Force and Replication on NeuN
immunofluorescence in the CA3 and DG, F(4, 531) = 3.011, p = .018 and F(4, 549) =
4.219, p = .002, respectively (Figure 2.15). In the CA3, replicate 2 and 3 had very similar
NeuN immunofluorescence across the 0kD (Replicate 2 M = 98.171, SE = 5.108;
Replicate 3 M = 98.684, SE = 4.007), 50kD (Replicate 2 M = 95.111, SE = 2.788;
Replicate 3 M = 92.139, SE = 3.030), and 100kD (Replicate 2 M = 82.154, SE = 3.180;
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Replicate 3 M = 83.197, SE = 2.352), with the values decreasing as the force increased.
However, in replicate 1, while the NeuN values were lower across forces compared to
replicates 2 and 3, it also follows a different pattern. There is a large decrease in NeuN
from the 0kD (M = 86.266, SE = 3.823) to the 50kD force (M = 64.026, SE = 2.735),
which recovers slightly at the 100kD force (M = 69.359, SE = 2.603).
In the DG, replicate2 and 3 had very similar NeuN immunofluorescence across
the 0kD (Replicate 2 M = 101.941, SE = 3.443; Replicate 3 M = 95.876, SE = 2.336),
50kD (Replicate 2 M = 94.308, SE = 2.111; Replicate 3 M = 89.183, SE = 1.881), and
100kD (Replicate 2 M = 84.559, SE = 2,390; Replicate 3 M = 83.807, SE = 1.469), with
the values decreasing as the force increased. However, in replicate 1, while the NeuN
values were lower across forces compared to replicates 2 and 3, it also follows a different
pattern. There is a large decrease in NeuN from the 0kD (M = 87.434, SE = 3.581) to the
50kD force (M = 66.574, SE = 2.605), which recovers slightly at the 100kD force (M =
71.415, SE = 2.280).
2.3.3.6 Interaction of Replication, Ethanol, and Sex
There was a significant three-way interaction of Replication, Ethanol, and Sex in
the CA3 region of the hippocampus, F(2, 531) = 3.046, p = .048 (Figure 2.16). In tissue
not treated with any ethanol (0mM), there is a modest effect of sex in replicate 1 (Female
M = 72.608, SE = 3.693; Male M = 81.408, SE = 3.678) and 2 (Female M = 90.164, SE =
3.532; Male M = 100.498, SE = 4.219) that disappears in replicate 3 (Female M = 93.950,
SE = 3.314; Male M = 92.243, SE = 3.868). However, for the 50mM ethanol treated
slices, there is no difference based on sex in replicate 1 (Female M = 63.513, SE = 2.580;
Male M = 65.905, SE = 3.868), but an effect of sex is seen in replicates 2 (Female M =
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81.730, SE = 4.568; Male M = 94.492, SE = 3.409) and 3 (Female M = 78.382, SE =
3.078; Male M = 94.492, SE = 3.409).
2.3.3.7 Interaction of Replication, Ethanol, and Force
There was a significant three-way interaction of Replication, Ethanol, and Force
in the DG region of the hippocampus, F(4, 549) = 4.037, p = .0023 (Figure 2.17). In
replicate 1, there is a small difference in NeuN immunofluorescence at the 0kD group
across ethanol status (0mM M = 90.443, SE = 5.362; 50mM M = 82.575, SE = 3.414).
The difference between 0mM (M = 76.673, SE = 3.748) and 50mM (M = 56.475, SE =
2.557) increases at the 50kD force. However, the difference vanishes at the 100kD force
(0mM M = 72.649, SE = 2.858; 50mM M = 70.219, SE = 3.565). In replicate 2, there is a
modest reduction in NeuN immunofluorescence from the 50mM ethanol exposure
compared to the 0mM ethanol group at the 0kD force level (0mM M = 108.450, SE =
4.620; 50mM M = 94.212, SE = 4.587), which disappears at the 50kD level (0mM M =
96.924, SE = 3.210; 50mM M = 92.026, SE = 2.776), and then returns to a moderate
difference at the 100kD force group (0mM M = 93.830, SE = 2.577; 50mM M = 73.925,
SE = 3.402). In replicate 3, there is a small difference at the 0kD (0mM M = 101.746, SE
= 3.045; 50mM M = 89.740, SE = 3.117), 50kD (0mM M = 93.445, SE = 2.650; 50mM
M = 84.920, SE = 2.545), and 100kD (0mM M = 86.153, SE = 2.162; 50mM M =
81.461, SE = 1.952) forces between the 0 and 50mM ethanol groups.
2.3.4

Post Hoc Power Analyses

A post hoc power analysis was also conducted for each significant factor
(Replication, Sex, Ethanol, Injury Force, and Injury Dwell) in experiment 2 given the
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actual effect size generated by running the 3x2x2x3x3 ANOVA. However, as
nonsignificant factors were collapsed and the analysis was re-run without any
nonsignificant factors, an effect size was not generated for that factor. This was done as
the effect sizes used in the a priori analyses were unknown and assumed to be small
based on lack of previous similar studies. Reporting the obtained effect sizes will allow
future studies a better estimate for a priori power analyses and running the post hoc
power analyses will also indicate if the current studies were sufficiently powered as the a
priori estimated sample sizes were larger than the amount of tissue used. For the post
hoc power analysis in G*Power, the F test/ANOVA: Fixed effects, special, main effects,
and interactions was used. The obtained Cohen’s f for each significant factor was entered
along with the sample size, degrees of freedom, and number of groups, with an alpha
value of 0.05. To aid comprehension given the number of post hoc power analyses run,
data from these analyses have been put into tables, see Tables 2.1-2.2.

2.4

Discussion
2.4.1

Propidium Iodide
2.4.1.1 Effect of Replication

Across all regions of the hippocampus, there was an effect of Replication where
the highest uptake of PI was seen in replicate 1, followed by replicate 3, and replicate 2.
While minor differences between replicates are not uncommon in slice cultures, the large
differences seen here are likely contributable to the effect of the compromised tissue
integrity from the reduced incubator temperature.
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2.4.1.2 Effect of Ethanol Withdrawal
In the CA1 and CA3, slices that were administered 50mM ethanol showed an
increase in PI uptake above control slices as anticipated. The withdrawal was anticipated
to cause damage via excitotoxicity, particularly in the CA1 region.
2.4.1.3 Effect of injury Force
Across all three regions of the hippocampus, both the 50kD and 100kD forces
were shown to cause an increase in PI uptake above Control slices. Additionally, slices
exposed to the higher injury force (100kD) had more PI uptake compared to the lower
force group. This is relatively consistent with the data from experiment 1, though the
50kD force produced a larger and significant effect in this iteration.
2.4.1.4 Effect of Injury Dwell
Across all three regions of the hippocampus, there was an effect of Injury Dwell.
Slices in the 5s dwell had the highest level of PI uptake, followed by the Instant dwell,
and then the 0s Control slices. This is consistent with what was expected and seen in
experiment 1.
2.4.1.5 Interaction of Ethanol and Replication
The overall effect of ethanol administration was driven exclusively by tissue
taken from replicate 1. Replicate 1 is the only replicate that showed an increase in PI
from ethanol administration above control slices. This is not inconsistent with findings
from our lab, that despite the seemingly high concentration of alcohol used, the effects
are inconsistent on PI uptake. This may be due to the limitations of PI, and this dose was
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chosen specifically to look for a potential interaction between subthreshold injuries (low
force and ethanol) that caused them to become significant. Additionally, higher
concentrations of ethanol begin to lose translatability and pose the risk for a ceiling
effect.
2.4.1.6 Interaction of Ethanol and Force
One of the most interesting interactions from these experiments is the interaction
of ethanol withdrawal and force. At both the 0kD and 100kD forces, there was an
increase in PI uptake with the addition of 50uM ethanol pre-treatment, indicating that
ethanol may exacerbate some type of TBI. However, at the 50kD force, the effect of
ethanol was nonexistent. Given the state of human literature regarding the effects of
alcohol on TBI, this difference is not necessarily surprising. However, this difference
warrants future investigation to determine what changes in the tissue across forces that
alters the effect of ethanol pretreatment.
2.4.1.7 Interaction of Dwell and Force
The effect of Injury Dwell was exacerbated at the high force group compared to
the more modest effect seen at the lower force. Similar to experiment 1, it is possible that
the amount of displacement of the membrane was reaching a critical point at the higher
injury dwell and forces, resulting in an additive effect. Future investigation of additional
forces and dwell times will help further elucidate why the effect of dwell time was more
pronounced at the higher forces.
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2.4.1.8 Interaction of Replication, Ethanol, and Force
In the CA3, tissue from replicates 2 and 3 had values for 0mM and 50mM groups
that are fairly consistent across the 0kD, 50kD, and 100kD forces. In contrast, in replicate
1, while the values in the 0kDand 50kD forces were fairly consistent across ethanol
status, in the 100kD, there was a larger difference between slices in the 0mM and 50mM
pre-treatment. In short, the effect of ethanol exacerbating cell death in the 100kD group is
being driven by tissue from replicate 1.
2.4.1.9 Interaction of Replication, Ethanol, and Dwell
In the CA3, tissue from replicates 2 and 3 had values for 0mM and 50mM groups
that were h fairly consistent values across the 0s, Instant, and 5s dwells. Slices from
replicate 1 show fairly consistent PI uptake values across ethanol status at the 0s and 5s
dwells, but at the Instant dwell time, the 50mM ethanol group showed an increase above
the 0mM Instant dwell group. Replicate 1 is still consistently driving this interaction, but
this is somewhat surprising, as most of the data has highlighted the 5s dwell time above
the Instant.
2.4.2

Summary

These data were relatively consistent with the findings from experiment 1,
however, there effect of force was significant at the lower force of 50kD. Although
variable, the effect of ethanol alone and across replicates is consistent with previous
findings from our lab. The most intriguing finding from this experiment is the interaction
of Ethanol and Injury Force. The lack of consensus on the effect of alcohol in human TBI
patients calls for more research to be done. While preliminary in nature, the potential
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ability for this model to systematically produce injuries that are exacerbated by ethanol
pre-exposure and injuries that are unaffected by ethanol could be very beneficial for
future studies. Unfortunately, the variability in results across replicates has injected
inconsistency and error into the data and it is likely due, not to naturally occurring
differences between replicates, but to the inclusion of potentially compromised tissue into
the analysis.
2.4.3

NeuN Graphs
2.4.3.1 Effect of Replication

In all three regions of the hippocampus, there was an effect of Replication on
NeuN immunofluorescence. Across the board, tissue from replicate 2 had the highest
levels of NeuN immunofluorescence and tissue from replicate 1 had the lowest level of
NeuN immunofluorescence. While a correlation was not run, these findings are not
inconsistent with the results from the propidium iodide data.
2.4.3.2 Effect of Sex
There was an effect of sex solely in the CA3 region, with female slices showing a
reduction in NeuN immunofluorescence compared to male slices. Although this is
different tissue and the groups involved are partially different, this is the first time the sex
effect has indicated a “better” result in male tissue, further increasing the confusion
related to Sex and TBI interactions.
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2.4.3.3 Effect of Ethanol
Ethanol withdrawal caused a loss of NeuN immunofluorescence compared to
control slices in all three regions of interest. This is both consistent with the PI data and
our hypothesis.
2.4.3.4 Effect of Force
Interestingly, the effect of Injury Force on NeuN immunofluorescence in this
experiment showed a reduction at both levels of force compared to the control slices,
with the 100kD force reducing NeuN more than the 50kD force. While this is in line
with what was hypothesized and expected, it is inconsistent with data from experiment 1.
Differences may be due to the inclusion of ethanol in this experiment, or due to
inconsistencies caused by compromised slices.
2.4.3.5 Interaction of Replication and Force
In the CA3 and DG, there was overall less NeuN across forces in tissue taken
from replicate 1, but most noticeably at the 50kD group. In replicates 2 and 3, there was
a decrease in NeuN immunofluorescence, but it decreased systematically and gradually
from 0-100kD. This is especially surprising given the lack of effect of the 50kD forces in
experiment 1 and may be attributed to some difference in tissue taken from replicate 1.
2.4.3.6 Interaction of Replication, Ethanol, and Sex
In the CA3, tissue not treated with any ethanol (0mM), had a modest effect of sex
in replicate 1 and 2 that disappears in replicate 3. However, for the 50mM ethanol treated
slices, there is no difference based on sex in replicate 1, but an effect of sex is seen in
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replicates 2 and 3. Similarly to the previous experiment, any interaction involving
Replication as a factor needs to be scrutinized given the confound of tissue integrity,
particularly when the effects are isolated to one region.
2.4.3.7 Interaction of Replication, Ethanol, and Force
In the DG, tissue from replicate 1 showed a small difference in NeuN
immunofluorescence at the 0kD group across ethanol status. The difference between
0mM and 50mM increases at the 50kD force, but this difference vanishes at the 100kD
force. In replicate 2, the loss of NeuN immunofluorescence from the 50mM to the 0mM
ethanol group at the 0kD force level disappears at the 50kD level, and then returns to a
moderate difference at the 100kD force group. In replicate 3, there is a small difference at
the 0kD, 50kD, and 100kD forces between the 0 and 50mM ethanol groups. The
inconsistency between replicates is believed to be driving this interaction.
2.4.4

Summary

The overall results of NeuN were relatively consistent with the expectations
(reduction in NeuN caused by ethanol and injuring force), though somewhat inconsistent
with the results from experiment 1. However, an overarching concern for both
experiments 1 and 2 is that the inconsistency injected into the data from the replicate
differences has resulted in several convoluted interactions. Given the known concerns, it
is not prudent to get caught up in justifying every interaction, when the effects are often
not consistent across replicates, as spurious effects are possible as are diminished effect
that missed reaching significance.
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2.4.5

Limitations

Experiment 2 suffers from many of the same limitations are experiment 1
including the limitations of slice culture, the removal of tissue from a sterile environment,
the co-labeling with PI and NeuN, as well as the holes in the tissue at the time of these
experiments. However, unique to experiment 2, is this study was the use of only one
alcohol paradigm. One of the issues studying the effects of alcohol on TBI in humans is
the lack of information regarding the patient’s drinking history, as acute versus chronic
use may significantly alter the effects on secondary injury cascades. This experiment
used a two-day binge level alcohol exposure followed by a withdrawal following the
injury in tissue without a history of alcohol exposure. The effects seen in this study may
be specific to the alcohol paradigm used, and may not reflect the effect alcohol has in
different situations. For example, a chronic intermittent ethanol (CIE) paradigm,
consisting of multiple periods of exposure followed by withdrawal, may better model
biochemical changes in the brain of an individual with a history of alcohol use.
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2.5

Tables and Figures
2.5.1

Post Hoc Power Analyses Tables

Table 2.1: Experiment 2 Propidium Iodide
CA 1
Factor
Litter
Ethanol
Injury Force
Injury Dwell

Sample Size
596
596
596
596

df
2
1
1
1

Groups Alpha
3
.05
2
.05
3
.05
3
.05

Cohen’s f
0.3587
0.0898
0.2765
0.2571

Power
1.0000
0.5905
0.9999
0.9999

Factor
Litter
Ethanol
Injury Force
Injury Dwell

Sample Size
596
596
596
596

df
2
1
1
1

Groups Alpha
3
.05
2
.05
3
.05
3
.05

Cohen’s f
0.4348
0.1148
0.2549
0.2637

Power
1.0000
0.799
0.9999
0.9999

Factor
Litter
Injury Force
Injury Dwell

Sample Size
596
596
596

df
2
1
1

Groups Alpha
3
.05
3
.05
3
.05

Cohen’s f
0.3605
0.2549
0.2868

Power
1.0000
0.9999
0.9999

CA 3

DG

Table 2.1: Post hoc power analyses for all significant main effects for PI in Experiment 2.
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Table 2.2: Experiment 2 NeuN
CA 1
Factor
Litter
Ethanol

Sample Size
567
567

df
2
1

Groups Alpha
3
.05
2
.05

Cohen’s f
0.5295
0.2270

Power
1.0000
0.9997

Factor
Litter
Ethanol
Sex
Injury Force

Sample Size
567
567
567
567

df
2
1
1
1

Groups Alpha
3
.05
2
.05
2
.05
3
.05

Cohen’s f
0.3259
0.2015
0.1392
0.2366

Power
1.0000
0.9977
0.9113
0.9995

Factor
Litter
Ethanol
Injury Force

Sample Size
567
567
567

df
2
1
2

Groups Alpha
3
.05
2
.05
3
.05

Cohen’s f
0.4151
0.2888
0.3145

Power
1.0000
0.9999
0.9999

CA 3

DG

Table 2.2: Post hoc power analyses for significant main effects for NeuN in Experiment
2.
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2.5.2

Methodological Figure

Figure 2.1: Figure 2.1 shows the timeline of determining the effect of a short ethanol
exposure on injury from the TBI model. Tissue dissected from PND 8 Sprague Dawley
rat pups and cultured on DIV 0. Tissue is plated and sent to the incubator for five days.
On DIV 5, tissue is placed into new culture media +/- ethanol and returned to the
incubator. The same process was repeated on DIV6. Injury takes place on DIV 7, and
tissue is then placed into new culture media containing propidium iodide (PI), a marker
for cell death. Tissue is imaged 24 hours later on DIV 8 and then fixed to allowed for
NeuN IHC to be done in the future.
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2.5.3

Propidium Iodide Graphs

Figure 2.2: Effect of Replication on Propidium Iodide Uptake. Slices from the first
replicate showed the highest level of PI fluorescence, followed by replicate 3, and then
replicate 2, *denotes p < .05. This effect is seen in the CA1, CA3, and DG. Data
displayed as group means (± SEM).
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Figure 2.3 Main Effect of Ethanol on Propidium Iodide Uptake. In the CA1 and the CA3,
there was an increase in PI fluorescence in the 50mM ethanol group above the 0mM
group, p < .05. Data displayed as group means (± SEM).
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Figure 2.4: Effect of Injury Force on Propidium Iodide. Effect of injuring force on PI
uptake in the CA1, CA3, and DG. A *denotes significance from Control and #denote a
significant increase from the previous force, p < .05. Data displayed as group means (±
SEM).
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Figure 2.5: Effect of Injury Dwell on ROS Level. In the CA1, CA3, and DG, there was a
significant effect of Injury Dwell on PI uptake, *denotes an increase in PI compared to
Control, and # denotes an increase in PI compared to the Instant dwell time, p < .05. Data
displayed as group means (± SEM).
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Figure 2.6: Interaction of Ethanol and Replication on Propidium Iodide Uptake in the
CA3. The effect of ethanol was minimal in replicates 2 and 3, but in replicate 1, the
treatment of 50mM Ethanol caused an increase in PI uptake compared to the 0mM
Ethanol group. Data displayed as group means (± SEM).
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Figure 2.7: Effect of Ethanol and Force on Propidium Iodide Uptake. In the CA1, the
0kD and 50kD groups did not show much variance between the 0mM and 50mM Ethanol
groups. However, at the 100kD force, tissue pre-exposed to 50mM ethanol showed more
PI uptake than control (0mM) tissue, p < .05. In the CA3, the 0kD and 50kD groups did
not show much variance between the 0mM and 50mM Ethanol groups. However, at the
100kD force, tissue pre-exposed to 50mM ethanol showed more PI uptake than control
(0mM) tissue, p < .05. Error bars represent +/- 1 standard error.
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Figure 2.8: Interaction of Injury Dwell and Force on Propidium Iodide Uptake. In the
CA1, CA3, and DG, the effect of dwell was moderate at the 50kD force groups, but more
pronounced in the 100kD force group, p < .05. Data displayed as group means (± SEM).
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Interaction of Ethanol and Force on PI Uptake in the CA3 for Replicate 3
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Figure 2.9: Interaction od Replication, Ethanol, and Force on Propidium Iodide Uptake in
the CA3. For replicates 2 and 3, the values for 0mM and 50mM groups have fairly
consistent values across the 0kD, 50kD, and 100kD forces. In contrast, in Replicate 1,
while the values in the 0kDand 50kD forces were fairly consistent across ethanol status,
in the 100kD, there was a larger difference between slices in the 0mM and 50mM pretreatment, p < .05. Data displayed as group means (± SEM).

125

Percent Control Propidium Iodide Uptake

Interaction of Ethanol and Dwell on PI Uptake in the CA3 for Replicate 1

250

0mM

200

50mM

150
100
50
0
0s

Instant

5s

Injury Dwell

Percent Control Propidium Iodide Uptake

Interaction of Ethanol and Dwell on PI Uptake in the CA3 for Replicate 2

250

0mM

200

50mM

150
100
50
0
0s

Instant

5s

Injury Dwell

Percent Control Propidium Iodide Uptake

Interaction of Ethanol and Dwell on PI Uptake in the CA3 for Replicate 3

250

0mM

200

50mM

150
100
50
0
0s

Instant

5s

Injury Dwell

Figure 2.10: Interaction of Replication, Ethanol, and Dwell on Propidium Iodide in the
CA3. In replicate 2 and 3, the values for 0mM and 50mM groups have fairly consistent
values across the 0s, Instant, and 5s dwells. Slices from replicate 1 show fairly consistent
PI uptake values across ethanol status at the 0s and 5s dwells, but at the Instant dwell
time, the 50mM ethanol group showed an increase above the 0mM Instant dwell group, p
< .05. Data displayed as group means (± SEM).
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2.5.4

NeuN Graphs

Figure 2.11: Effect of Replication on NeuN Immunofluorescence. In the CA1, CA3, and
DG, there was a significant difference in NeuN immunofluorescence across different
replicates, *denotes p < .05. Data displayed as group means (± SEM).
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Figure 2.12: Effect of Sex on NeuN Immunofluorescence in the CA3. Female slices
showed a reduction in NeuN immunofluorescence compared to male slices, p < .05. Data
displayed as group means (± SEM).
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Figure 2.13: Effect of Ethanol on NeuN Immunofluorescence. In the CA1, CA3, and DG,
slices that were treated with 50mM ethanol showed a decrease in NeuN
immunofluorescence compared to control slices, *denotes p < .05. Data displayed as
group means (± SEM).
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Figure 2.14: Effect of Force on NeuN Immunofluorescence. In the CA3 and DG, there
was an effect of Injury Force on NeuN immunofluorescence, # denotes a significant
reduction in NeuN compared to the previous force, p < .05. Data displayed as group
means (± SEM).
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Figure 2.15: Interaction of Force and Replication on NeuN Immunofluorescence. In the
CA3 and DG, replicates 2 and 3 had very similar NeuN immunofluorescence across the
0kD, 50kD, and 100kD forces, with the values decreasing as the force increased.
However, in replicate 1, there is a large decrease in NeuN from the 0kD to the 50kD
force, which recovers slightly at the 100kD force, p < .05. Error bars represent +/- 1
standard error.
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Figure 2.16: Interaction of Replication, Ethanol, and Sex on NeuN immunofluorescence
in the CA3. In tissue not treated with any ethanol (0mM), there is a modest effect of sex
in replicate 1 and 2 that disappears in replicate 3. However, for the 50mM ethanol treated
slices, there is no difference based on sex in replicate 1, but an effect of sex is seen in
replicates 2 and 3, p < .05. Data displayed as group means (± SEM)..
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Figure 2.17: Interaction of Replication, Ethanol, and Force on NeuN
Immunofluorescence in the DG. In replicate 1, there is a small difference in NeuN
immunofluorescence at the 0kD group across ethanol status. The difference between
0mM and 50mM increases at the 50kD force, but this difference vanishes at the 100kD
force. In replicate 2, the loss of NeuN immunofluorescence from the 50mM to the 0mM
ethanol group at the 0kD force level disappears at the 50kD level, and then returns to a
moderate difference at the 100kD force group. In replicate 3, there is a small difference at
the 0kD, 50kD, and 100kD forces between the 0 and 50mM ethanol groups, p < .05.
Error bars represent +/- 1 standard error.
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CHAPTER 3. TARGETING ROS AS A MECHANISM OF INJURY
3.1

Introduction
3.1.1

Treatments for TBI

The initial impact of a traumatic brain injury (primary injury) kills some cells
immediately, while others are left compromised. This initial impact and these injured
cells lead to secondary injury (Borgens and Snyder, 2012). As secondary injury
mechanism are delayed minutes to days post injury, there is an opportunity to intervene
and reduced or prevent further damage (Park et al., 2008). Secondary injury pathways
are inherently complex and interwoven. While there has yet to be an effective
medication shown in clinical trials, drugs aimed to target specific mechanisms of
secondary injury (e.g., excitotoxicity, neuroinflammation, etc.) have shown promise in
pre-clinical trials (Narayan et al., 2002). However, the purpose of these experiments is
not to propose novel therapeutic targets, but rather determine if the damage caused to
tissue in this model is related to common mechanisms of secondary injury, particularly
related to excitotoxicity and high levels of intracellular calcium and upregulated
generation of reactive oxygen species.
3.1.2

Reactive Oxygen Species

An important component of secondary injury in TBI pathology is mitochondrial
damage. Damage to the mitochondria and overproduction of reactive oxygen species
(ROS) are two of the main driving forces of secondary injuries (Hiebert et al., 2015). Free
radicals are a byproduct of energy metabolism, and consist of compounds with an
unpaired electron and include ROS and reactive nitrogen species (RNS) (O’Connell and
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Littleton-Kearney, 2013). Free radicals are reactive and, therefore, attempt to return to a
stable state by oxidizing other molecules (O’Connell and Littleton-Kearney, 2013).
Under normal conditions, the body has a balance between ROS generation and
antioxidants. However, the increase in ROS generation caused by TBIs disrupts this
balance, resulting in too many ROS and not enough antioxidants, known as oxidative
stress (Hiebert et al., 2015). Following a TBI, increased ROS overpower the body’s
endogenous antioxidants, leading to lipid peroxidation, protein oxidation, cleaved or
damaged DNA, and disruption to the mitochondrial electron transport chain (AbdulMuneer et al., 2015; Hiebert et al., 2015). Superoxide (O2-) is a free radical itself and
serves as a precursor to other ROS and NOS species (O’Connell and Littleton-Kearney,
2013). The mitochondria are a source of superoxide and is a target for the effects of ROS
(Abdul-Muneer et al., 2015; Sastre et al., 2002). Studies have implicated free radicals in
other secondary injury processes including neuronal energy failure (via mitochondrial
dysfunction), changes in vascular response, blood brain barrier dysfunction,
excitotoxicity, and inflammation (Abdul-Muneer et al., 2015; for review see O’Connell
and Littleton-Kearney, 2013). In addition, and in conjunction with the secondary injury
pathways, oxidative stress can support instant or programmed cell death (Abdul-Muneer
et al., 2015).
3.1.3

Antioxidant Intervention

Antioxidants are one avenue researchers have explored to treat TBIs. Though
antioxidants such as Dexanabinol, have failed clinical trials, they have shown strong
performance in preclinical trials (Narayan et al., 2002). Antioxidants can interact with
the free radicals and prevent them from triggering the previously mentioned injury
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mechanisms (Cornelius et al., 2013). There are different ways to intervene in the ROS
pathways. For examples, some drugs may work to inhibit ROS-related damage by
inhibiting the formation of ROS and NOS (Hall et al., 2010). Another option is to
introduce free radical scavengers (such as antioxidants) to prevent the free radicals from
triggering lipid peroxidation (Hall et al., 2010). Alternatively, there are indirect
antioxidants which can interrupt and stop lipid peroxidation once it has already started.
This third group is advantageous over the first two given it has a longer therapeutic
window for administration (Hall et al., 2010). N-Acetyline Amide (NACA) is an analog
of N-Acetylcysteine (NAC), where the addition of the amide group increases the
compound’s ability to penetrate cells and its antioxidant properties (Sunitha et al., 2013).
NAC serves as a precursor to glutathione, an endogenous antioxidant present in most cell
types (Patel et al., 2014; Pizzorno, 2014; Sunitha et al., 2013) and administration of NAC
raises levels of glutathione (Sunitha et al., 2013; Pizzorno, 2014). Glutathione is involved
in various biological processes including mitigating neuroinflammation, managing cell
division, apoptosis, and necrosis, removal of harmful substances, (Forman et al., 2009).
The purpose of this experiment is to determine if administration of NACA following TBI
will reduce overall cytotoxicity and reduce DCFH-DA fluorescence, suggesting this
model may be appropriate for further ROS research.

3.2

Methods
3.2.1

Organotypic Hippocampal Slice Culture Preparation

Male and female Sprague Dawley pups, postnatal day 8, (Harlan Laboratories;
Indianapolis, IN), were humanely euthanized via rapid decapitation and tissue was
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harvested using aseptic technique. Rat brains were removed and placed into cold
dissecting media, made up of Minimum Essential Media (MEM; Invitrogen, Carlsbad,
CA), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Sigma, St. Louis,
MO), streptomycin/penicillin (Invitrogen) and Amphotericin B solution (Sigma). Brains
were cut midsagitally from anterior to posterior using a No.10 scalpel and the hippocampi
were carefully removed. Any excess tissue or membranes still attached to the
hippocampi were cleared off using a No. 15 scalpel. After excess tissue was removed
from the hippocampi, they were chopped from dorsal to ventral into 200m thick slices
using a McIllwain Tissue Chopper (Mickle Laboratory Engineering Co. Ltd., Gomshall,
UK). On average, each hippocampi produces 36 slices. Following chopping of the tissue
into 200 µM, tissue is placed into petri dishes filled with culture media and labeled with
the animal number. Slices were then inspected under a stereoscope to ensure all areas of
interest (CA1, CA3, and dentate gyrus (DG)) were intact and that there were no visible
signs of damage or stretching. Slices that did not meet these criteria were discarded and
not cultured for this study. Upon plating, all petri dishes are sorted into male and female
piles. Once all the dishes for one sex are grouped together, the identifying information
on the lids is removed and slices are drawn up using a cutoff transfer pipette, randomly
pulling slices from the different petri dishes and plating them onto the culture membrane.
Depending on the number of animals per sex, a single animal may contribute 0-2 slices
per culture insert; however, all culture inserts had slices from multiple animals,
regardless. Slices that met selection criteria were plated onto biopore membrane inserts
(Millicell; Millipore, MA, USA) with 3-4 slices per insert. All slices were plated to
ensure slices did not overlap or touch the wall of the membranes insert. Given the nature
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of the injury mechanism, to strive for uniform injuries, slices were strategically placed in
a circle equidistant from the center of the insert (see Figure 1.1). Inserts were placed into
six well culture plates containing 1.5mL of 37ºC culture media per well. Tissue was
placed into an incubator (37ºC at 5% CO2) for five days prior to any treatment to allow
for tissue affixion to the membranes and for tissue recovery post dissection. Following
the five-day incubation of the tissue prior to treatment, each culture insert is randomly
assigned to a treatment group, allowing a representative sample of the animals to be
included in every treatment group.
3.2.2

Infinite Horizon Spinal Cord Impactor

One advantage to this model is the injuring device is commercially available. The
Infinite Horizons (IH) spinal cord injuring device (Precision Systems & Instrumentation
[PSI], Lexington, KY) couples consistent injury with accessible software (Scheff et al.,
2003). In its original design, the IH device causes injury by delivering a desired impact
of a specified force and duration onto the spinal cord with a stainless-steel tipped
impounder (for detailed description of mechanism and use in spinal cord injuries, see
Scheff et al., 2003). Repurposed in our design, the IH device was used to deliver an
indirect stretch injury to the hippocampal tissue by delivering a desired impact onto the
culturing membrane.
3.2.3

NACA Administration and Injury Procedure

After five days of incubation, tissue inserts were randomly assigned to treatment
groups and placed into fresh culture media. At seven days in vitro, tissue was subjected to
the injuring procedure. Culture plates were removed from the incubator and taken to a
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surgery suite containing the SCI impactor. Tissue in the control group were also taken to
the surgery suite and treated as the TBI groups, aside from the injury. While conditions
were non-sterile, effort was made to reduce the risk of contamination. The impactor was
fitted with the impounder (2.5mm) and was calibrated prior to injuring the tissue. Inserts
were individually removed from the culture plate for each impact. Any excess media on
the insert was gently dried using Kimwipes. Each insert was inverted upon the stage of
the SCI impactor so that the non-tissue side of the membrane was facing the impounder.
The impounder was manually positioned to be 5mm above the center of the membrane,
equidistant from the slices. The desired force (100kD) and dwell time (5 seconds) was
entered into a computer running IH software (version 5.0.4), compatible with Windows.
Following injury, inserts were returned to their corresponding wells in the culture plates.
Once all tissue was injured, it was placed into new six well plates filled with fresh preincubated media (37ºC) containing 0, 500uM, or 750uM NACA. If the slices were being
assessed for cell death, 7.48M propidium iodide (PI) was added into the media as well.
If the slices were going to be assessed for ROS, the NACA was still added immediately
post injury and tissue was returned to the incubator until 30 minutes before the timepoint
(6 or 24 hours post injury). Thirty minutes before each timepoint, new media containing
10M DCFH-DA and tissue was returned to the incubator for thirty minutes. Following
the 30-minute incubation time, tissue was rinsed twice with 1X PBS and imaged.
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3.2.4

Imaging

3.2.4.1 Propidium Iodide Staining Protocol
Following the injury, tissue was placed into new 6 well culture plates containing 1
mL of 7.48M PI culture media in the bottom of each well. Propidium iodide fluoresces
after binding to nucleic acids and, given that PI is a highly polar compound, it is only
able to enter cells if the cell membrane is compromised (Cummings et al., 2004; Macklis
and Madison, 1990; Zimmer et al., 2000). Propidium iodide has been well correlated
with other markers of cell death (Wilkins et al., 2006). Tissue was imaged 24 hours post
injury with a green fluorescent filter under a 5x objective lens of a Leica DM-IRB
microscope (W. Nuhsbahm Inc.; McHenry, IL, USA). The microscope was connected to
a computer that ran SPOT advanced software (Windows, version 4.02) via a SPOT 7.2
color mosaic camera (W. Nuhsburg). Images were then analyzed using Image J software
(NIH, Bethesda, MD). For every slice, 4 measures were taken: the intensity of the
background, the CA1 region, the CA3 region, and the DG region. The background
reading was subtracted from the other 3 regional measurements taken for that slice. To
reduce variability between tissue from different litters, readings were converted to a
precent control using (S-B)/C, where S is the intensity of the region, B is the background
intensity, and C is the mean fluorescent value for the control groups (CA1, CA3, DG, as
appropriate) for each litter (see Mulholland et al., 2005). Following PI imaging, tissue
was fixed using a 10% formalin solution for future immunohistochemistry. Despite
fixing, some tissue developed suspected mold due to being in a non-sterile environment
and were excluded from further immunohistochemical analyses.
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3.2.4.2 NeuN Staining Protocol
NeuN is an immunohistochemical marker of mature neurons (Kim et al., 2009).
After tissue is fixed, inserts were placed into six well plates containing
immunohistochemical (IHC) buffer made up of PBS, Triton, and Bovine Serum Albumin
(BSA). One milliliter of IHC buffer was slowly pipetted on top of the tissue and left in
this solution for 45 minutes. Inserts were then rinsed twice in PBS and placed into new
six well plates containing 1mL of PBS into the bottom. Anti-NeuN (mouse host;
Millipore Sigma) was mixed into the IHC buffer (1:200) and 1mL of this solution was
slowly pipetted on top of the inserts. Tissue was placed at 4ºC for 24 hours. The
following day, inserts were rinsed twice in PBS and then placed into new 6 well plates
with 1 mL of PBS at the bottom. The FITC (Goat anti-mouse; Millipore Sigma)
fluorescent secondary was mixed into the IHC buffer (1:200) and 1mL of this solution
was slowly pipetted on top of the inserts. Tissue was returned to the refrigerator for 24
hours. The following day, the inserts were washed twice in PBS, and inserts were placed
into new six well plates with 1 mL of PBS at the bottom of the well. Tissue was then
imaged under a blue fluorescent filter and the readings were scaled as described above.
3.2.4.3 DCFH-DA Staining Protocol
Dichloro-dihydro-fluorescein diacetate (DCFH-DA) is a fluorescent probe used to
detect oxidative stress (Kalyanaraman et al., 2012). The probe is able to penetrate the
cell membrane and, once inside the cell, the probe oxidizes to dichlorofluorescein (DCF),
which fluoresces (Kalyanaraman et al., 2012). It is important to recognize that this probe
is not specific for a specific oxidant and the chemical conversion of DCFH-DA to the
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fluorescent DCF is a complex process which may inject error into the analyses
(Kalyanaraman et al., 2012). The procedure for DCFH-DA staining in organotypic
hippocampal slice cultures was modeled after the protocol in Jung et al., 2013. The
timing for assessment of ROS is difficult to pin down. Despite the one-hour time point
used in experiment 1, that was no longer feasible given the NACA would not have time
to work (pilot data). Therefore, it was decided a subset of the tissue would be assessed
for ROS 6 hours post injury and 24 hours post injury. DCFH-DA, Millpore-Sigma, St.
Louis, MO) was added to new culture media at a 10 µM concentration 30 minutes prior
to the imaging time point. Tissue was returned to the incubator for 30 minutes to allow
the DCF time to work. Following incubation, the inserts were washed twice in PBS and
placed into new six well plates with 1 mL of PBS at the bottom of the well. Tissue was
then imaged under a blue fluorescent filter and the readings will be converted as
described above.
3.2.5

Statistical Analyses

A priori power analyses were conducted for each factor to determine the sample
size needed to appropriately power the experiments. Statistical analyses were conducted
to determine the effect of Replication, Sex, NACA, Injury, and Time on propidium iodide
fluorescence to estimate cell death, NeuN immunofluorescence to estimate neuronal
survival, and DCFH-DA to estimate reactive oxygen species accumulation in three
regions of the hippocampus. Data were assessed in SPSS (version 27) using a 2 x 2 x 3 x
2 x 2 ANOVA, with significance level set to p ≤ 0.05. When appropriate, a Bonferroni
post hoc test was conducted. A post hoc power analysis was also conducted on each
significant factor to determine the actual effect size and achieved power.
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3.2.6

Experimental Timelines

For the sake of clarity, the specific timelines for the markers in the experiment are
represented as figures. Figure 3.1 shows the timeline of the tissue marked with
propidium iodide, fixed and then underwent immunohistochemical staining for NeuN.
Figure 3.2 shows the timeline for tissue stained with DCFH-DA for the short time point
(6 hours post injury). Figure 3.3 shows the timeline for tissue stained with DCFH-DA for
the long time point (24 hours post injury).

3.3

Results
3.3.1

A priori Power Analyses

An a priori power analysis was conducted for each factor (Replication, Sex,
Injury, and NACA, and Time) in experiment 3. As these experiments were novel and
exploratory in nature, a small effect size (0.20) was assumed. Alpha and beta values
were set to 0.05 and 0.10, respectively. While there can be variation in these values
based on the field and researcher, alpha values are typically set to be between 0.01-0.10
and beta values are typically set between 0.05-0.20 (Banerjee et al., 2009). The selected
values for alpha and beta are both within these standard windows. G*Power (v. 3.1.9.6)
was used to conduct all included power analyses (Faul et al., 2007; Faul et al., 2009). In
G*Power, for all a priori power analyses, the test family was an F test, and the statistical
test used was “ANOVA: Fixed effects, special, main effects, and interactions”. To
conduct these analyses, following information was required - estimated effect size
(Cohen’s f), desired alpha and power values, and numerator degrees of freedom and
number of groups for the specific factor.
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3.3.1.1 Effect of Replication
The a priori power analysis for Replication, with an alpha of 0.05, power of 0.90,
and an assumed effect size of f = 0.20, was conducted. The factor of Replication had 2
groups and a numerator degree of freedom of 1. For Replication, it was determined that a
sample size of 265 slices was necessary for this effect to be sufficiently powered.
3.3.1.2 Effect of Sex
The a priori power analysis for Sex, with an alpha of 0.05, power of 0.90, and an
assumed effect size of f = 0.20, was conducted. The factor of Sex had 2 groups and a
numerator degree of freedom of 1. For Sex, it was determined that a sample size of 265
slices was necessary for this effect to be sufficiently powered.
3.3.1.3 Effect of Injury
The a priori power analysis for Injury, with an alpha of 0.05, power of 0.90, and
an assumed effect size of f = 0.20, was conducted. The factor of Injury had 2 groups and
a numerator degree of freedom of 1. For Injury, it was determined that a sample size of
265 slices was necessary for this effect to be sufficiently powered.
3.3.1.4 Effect of NACA
The a priori power analysis for NACA, with an alpha of 0.05, power of 0.90, and
an assumed effect size of f = 0.20, was conducted. The factor of NACA had 3 groups
and a numerator degree of freedom of 2. For NACA, it was determined that a sample
size of 320 slices was necessary for this effect to be sufficiently powered.
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3.3.1.5 Effect of Time
The a priori power analysis for Time, with an alpha of 0.05, power of 0.90, and
an assumed effect size of f = 0.20, was conducted. The factor of Time had 2 groups and a
numerator degree of freedom of 1. For Time, it was determined that a sample size of 265
slices was necessary for this effect to be sufficiently powered.
3.3.2

Estimating Cell Death with Propidium Iodide
3.3.2.1 Main Effect of Sex

There was a significant effect of sex in all three hippocampal regions of interest
(Figure 3.4). In the CA1, F(1, 260) = 5.963, p = .015, female slices (M = 169.482, SE =
5.791) showed an increase in PI uptake compared to male slices (M = 162.076, SE =
5.896).
In the CA3, F(1, 260) = 7.238, p = .008, female slices (M = 163.953, SE = 5.400)
showed an increase in PI uptake compared to male slices (M = 156.322, SE = 5.485).
In the DG, F(1, 248) = 16.683, p < .001, female slices (M = 185.028, SE = 7.033)
showed an increase in PI uptake compared to male slices (M = 170.063, SE = 6.906).
3.3.2.2 Main Effect of NACA
There was a significant effect of NACA on PI uptake in all three regions of
interest (Figure 3.5). In the CA1, F(1, 260) = 14.033, p < .001, a Bonferroni post hoc
analysis showed that both the 500uM NACA (M = 176.539, SE = 7.272) and 750uM
NACA (M = 156.400, SE = 6.800) produced different values of PI uptake compared to
the control 0uM NACA groups (M = 164.578, SE = 7.300), such that there was an
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increase at the 500uM and a decrease at the 750uM concentration compared to the
control, p = .001 and p = .042, respectively. Further, the 500uM and 750uM groups
differed from each other, such that slices treated with 500uM NACA (M = 176.539, SE =
7.272) had a higher amount of PI than slices treated with the 750uM NACA
concentration (M = 156.400, SE = 6.800), p < .001.
In the CA3 region, F(1, 260) = 13.644, p < .001, a Bonferroni post hoc analysis
revealed that the 750uM concentration of NACA (M = 149.912, SE = 6.330) reduced PI
uptake compared to the 0uM control groups (M = 161.771, SE = 6.940), p = .001;
however, the 500uM groups (M = 169.004, SE = 6.636) did not differ from control, p =
.068. However, the 750uM and 500uM concentrations did result in different levels of PI
uptake, such that slices treated with 750uM NACA (M = 149.912, SE = 6.330) showed a
decrease in PI compared to slices treated with 500uM NACA (M = 169.004, SE = 6.636),
p < .001.
In the DG, F(2, 248) = 8.119, p < .001, a Bonferroni post hoc analysis revealed
that both the 750uM NACA (M = 169.392, SE = 8.263) and 0uM NACA (M = 175.516,
SE = 8.878) groups had less PI uptake than the 500uM NACA groups (M = 188.225, SE
= 8.528), p < .001 and p = .006, respectively. There was no difference between the 0uM
(M = 175.516, SE = 8.878) and 750uM NACA (M = 169.392, SE = 8.263) groups on PI
uptake, p = .404.
3.3.2.3 Main Effect of Injury
There was a significant effect of Injury in all three hippocampal regions of
interest (Figure 3.6). In the CA1, F(1, 260) = 2228.989, p < .001, slices in the injury
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groups (100kD-5s) (M = 231.145, SE = 2.500) showed an increase in PI uptake
compared to slices in the injury control groups (M = 103.448, SE = 1.433), p < .001.
Similarly, in the CA3, F(1, 260) = 2086.763, p < .001, slices from the injury
groups (M = 220.750, SE = 2.370) showed an increase in PI uptake compared to slices
from the control groups (M = 102.362, SE = 1.440).
This effect was consistent in the DG, F(1, 248) = 2035.205, p < .001, with slices
in the injury groups (M = 255.087, SE = 3.273) showing an increase in PI fluorescence
compared to slices in the control groups (M = 103.782, SE = 1.741).
3.3.2.4 Main Effect of Replication
There was a significant effect of Injury in all three hippocampal regions of
interest (Figure 3.7). In the CA1, F(1, 260) = 2228.989, p < .001, slices in the injury
groups (100kD-5s) (M = 231.145, SE = 2.500) showed an increase in PI uptake
compared to slices in the injury control groups (M = 103.448, SE = 1.433), p < .001.
Similarly, in the CA3, F(1, 260) = 2086.763, p < .001, slices from the injury
groups (M = 220.750, SE = 2.370) showed an increase in PI uptake compared to slices
from the control groups (M = 102.362, SE = 1.440).
This effect was consistent in the DG, F(1, 248) = 2035.205, p < .001, with slices
in the injury groups (M = 255.087, SE = 3.273) showing an increase in PI fluorescence
compared to slices in the control groups (M = 103.782, SE = 1.741).
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3.3.2.5 Interaction of NACA and Injury
There was a significant two-way interaction of NACA and Injury in the CA1 and
CA3, F(1, 260) = 3.386, p = .035 and F(1, 260) = 4.826, p = .009, respectively (Figure
3.8). In the CA1, the effect of NACA was minimal in the non-injured group at the 0uM
(M = 100.000, SE = 2.073), 500uM (M = 109.740, SE = 2.713), and 750uM (M =
100.650, SE = 2.394). However, the effects of the drug, 0uM (M = 230.624, SE = 3.926),
500uM (M = 243.338, SE = 2.866), AND 750uM (M = 218.632, SE = 5.262), became
more pronounced in injured slices.
In the CA3, there was a similar interaction between Injury and NACA. There was
a minimal effect of NACA on slices in the uninjured groups at the 0uM (M = 100.000, SE
= 1.872), 500uM (M = 107.904, SE = 2.121), and 750uM (M = 99.264, SE = 3.081)
NACA concentrations. The effect of NACA was more pronounced at all concentrations,
0uM (M = 224.946, SE = 3.483), 500uM (M = 230.104, SE = 2.771), and 750uM (M =
206.450, SE = 5.059), on slices that were injured.
3.3.2.6 Interaction of NACA and Sex
There was a significant two-way interaction of NACA and Sex in the DG, F(2,
248) = 4.049, p = .019 (Figure 3.9). At 0uM, there was no difference between the PI
uptake in male (M = 176.205, SE = 12.640) and female slices (M = 174.871, SE =
12.602). However, there was a modest effect of sex at the 500uM concentration (Female
M = 196.201, SE = 12.068; Male M = 179.895, SE = 12.059) and a moderate effect at
the 750uM concentration (Female M = 183.796, SE = 11.938; Male M = 154.005, SE =
11.047), both showing that male slices had less PI uptake compared to the female slices.
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3.3.2.7 Interaction of Replication and NACA on PI Uptake in
the DG
There was a significant interaction of Replication and NACA in the DG, F(2, 248) =
4.874, p = .008 (Figure 3.10). Both the 0uM (R1 M = 164.577, SE = 11.701; R2 M =
187.756, SE = 13.404) and 500uM (R1 M = 182.620, SE = 12.423; R2 M = 194.080, SE =
11.726) concentrations of NACA had higher PI uptake in replicate 2 compared to
replicate 1. However, at the 750uM concentration of NACA, there was a slight decrease
in PI uptake in replicate 2 (M = 165.654, SE = 10.849) compared to replicate 1 (M =
172.891, SE = 12.453).
3.3.2.8 Interaction of NACA, Injury, and Replication
There was a significant three-way interaction of NACA, Injury, and Replication
in the DG, F(2, 248) = 7.278, p = .001 (Figure 3.11). In the non-injured tissue, the effect
of NACA is consistent between replicate 1 and replicate 2 at each concentration, 0uM
(Replicate 1 M = 96.316, SE = 2.347; Replicate 2 M = 104.210, SE = 3.957), 500uM
(Replicate 1 M = 102.183, SE = 3.742; Replicate 2 M = 116.270, SE = 3.979), and
750uM (Replicate 1 M = 95.514, SE = 5.279; Replicate 2 M = 109.292, SE = 4.446),
such that the replicate 2 showed modest increases in PI uptake above replicate 1 at every
concentration. However, in the injured tissue, at the 0uM concentration, there was a
higher uptake of PI in replicate 2 (M = 271.302, SE = 4.792) above replicate 1 (M =
235.806, SE = 11.286), there was no difference in PI uptake at 500uM concentration
(Replicate 1 M = 266.553, SE = 4.133; Replicate 2 M = 268.506, SE = 2.920), but there
was higher uptake of PI in slices from replicate 1 (M = 253.632, SE = 7.208) above slices
from replicate 2 (M = 233.286, SE = 10.769) at the 750uM concentration.
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3.3.3

Estimating Neuronal Survival with NeuN/FITC
3.3.3.1 Main Effect of Replication

There was a main effect of replication in the CA1 and DG, F(1, 250) = 19.406, p
< .001 and F(1, 238) = 23.467, p < .001, respectively (Figure 3.12). In the CA1, there
was an increase in NeuN immunofluorescence in replicate 2 (M = 101.627, SE = 1.695)
above replicate 1 (M = 91.946, SE = 2.156).
In the DG, there was a similar effect of Replication, with an increased NeuN
immunofluorescence seen in replicate 2 (M = 106.221, SE = 2.047) compared to
replicate 1 (M = 94.819, SE = 1.983).
There was no effect of Replication in the CA3, so data were collapsed across
replicates and re-analyzed to conserve power.
3.3.3.2 Main Effect of Sex
There was a significant effect of Sex in the CA3 and DG regions of the
hippocampus, F(1, 250) = 16.600, p < .001 and F(1, 238) = 6.921, p = .009, respectively
(Figure 3.13). In the CA3, male slices (M = 91.011, SE = 2.234) showed a decrease in
NeuN immunofluorescence compared to female slices (M = 104.257, SE = 2.473).
Similarly, in the DG, male slices (M = 96.454, SE = 2.065) showed a decrease in
NeuN immunofluorescence compared to female slices (M = 103.616, SE = 2.039). There
was no effect of Sex in the CA1 region, so data were collapsed across sex and reanalyzed to preserve power.
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3.3.3.3 Main Effect of NACA
There was an effect of NACA in each hippocampal regions of interest (Figure
3.14). In the CA1, F(2, 250) = 22.407, p < .001, a Bonferroni post hoc analysis revealed
slices treated with the 750uM concentration (M = 85.687, SE = 2.801) of NACA showed
a decrease in NeuN immunofluorescence compared to both the 0uM (M = 102.050, SE =
1.845) and 500uM (M = 102.341, SE = 2.135) concentrations, p < .001, which did not
differ from each other, p = 1.000.
In the CA3, F(2, 250) = 12.302, p < .001, a Bonferroni post hoc analysis revealed
that slices treated with the 750uM concentration (M = 86.727, SE = 3.127) of NACA
showed a decrease in NeuN immunofluorescence compared to both the 0uM (M =
104.250, SE = 2.776) and 500uM (M = 103.238, SE = 2.637) concentrations, p < .001,
which did not differ from each other, p = 1.000.
In the DG, F(2, 238) = 15.206, p < .001, a Bonferroni post hoc analysis revealed
that slices treated with the 750uM concentration (M = 90.892, SE = 2.834) of NACA
showed a decrease in NeuN immunofluorescence compared to both the 0uM (M =
104.218, SE = 2.112) and 500uM (M = 105.783, SE = 2.265) concentrations, p < .001,
which did not differ from each other, p = 1.000.
3.3.3.4 Main Effect of Injury
There was a significant effect of Injury in all three regions of the hippocampus
(Figure 3.15). In the CA1, F(1, 250) = 29.151, p < .001, slices that had been injured (M =
102.780, SE = 1.740) showed an increase in NeuN immunofluorescence compared to
uninjured slices (M = 90.824, SE = 2.092).
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In the CA3, F(1, 250) = 7.219, p = .008., injured slices (M = 102.748, SE =
2.468) had higher levels of NeuN immunofluorescence than slices that were not injured
(M = 93.452, SE = 2.343)
In the DG, F(1, 238) = 27.469, p < .001 (M = 106.845, SE = 2.134) showed an
increase in NeuN immunofluorescence compared to uninjured slices (M = 94.083, SE =
1.876).
3.3.3.5 Interaction of NACA and Replication
There was a significant two-way interaction of NACA and Replication in the CA1
and DG regions of the hippocampus, F(2, 250) = 15.405, p < .001 and F(2, 238) = 5.035,
p = .007, respectively (Figure 3.16). In the CA1, at the 0uM (Replicate 1 M = 101.159,
SE = 2.340; Replicate 2 M = 103.105, SE = 2.953) and 500uM (Replicate 1 M =
102.457, SE = 2.985; Replicate 2 M = 102.216, SE = 3.092) concentrations of NACA,
there was no difference in NeuN immunofluorescence between replicate 1 and 2.
However, at the 750uM concentration of NACA, slices in replicate 1 (M = 72.839, SE =
3.881 had significantly lower NeuN immunofluorescence than slices from replicate 2 (M
= 99.731, SE = 2.787).
In the DG, at the 0uM (Replicate 1 M = 101.091, SE = 2.447; Replicate 2 M =
107.921, SE = 3.534) and 500uM (Replicate 1 M = 103.526, SE = 2.876; Replicate 2 M
= 108.309, SE = 3.557) concentrations of NACA, there was no difference in NeuN
immunofluorescence between replicates 1 and 2. However, at the 750uM concentration
of NACA, slices in replicate 1 (M = 80.107, SE = 3.737 had significantly lower NeuN
immunofluorescence than slices from replicate 2 (M = 102.680, SE = 3.546).
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3.3.3.6 Interaction of NACA and Injury
There was a significant two-way interaction of NACA and Injury in the CA1
region of the hippocampus, F(1, 250) = 10.313, p < .001 (Figure 3.17). At 0uM (Control
M = 100.000, SE = 2.348; 100kD-5s M = 104.253, SE = 2.870) and 500uM (Control M
= 100.0815, SE = 2.940; 100kD-5 M = 104.757, SE = 3.097), there is a small increase in
NeuN immunofluorescence in the injured slices above the injured slices. However, at the
750uM concentration, there was s significant reduction int NeuN immunofluorescence in
the non-injured slices (M = 73.731, SE = 3.774) compared to the injured slices (M =
99.352, SE = 3.048).
3.3.3.7 Interaction of Sex and Replication
There was a significant two-way interaction of Sex and Replication in the DG
region of the hippocampus, F(1, 238) = 4.803, p = .029 (Figure 3.18). However, in
replicate 1, there is a modest effect of sex between male (M = 100.628, SE = 2.761) and
female slices (M = 88.926, SE = 2.686). In replicate 2, there was no sex effect between
male (M = 105.568, SE = 2.779) and female slices (M = 106.786, SE = 2.984).
3.3.3.8 Interaction of Replication, Injury, and NACA
There was a significant three-way interaction between Replication, Injury, and
NACA in the CA1 and DG regions of the hippocampus (Figure 3.19). In the CA1, in
replicate 1, at the 0uM (Control M = 103.243, SE = 3.062; 100kD-5s M = 98.980, SE =
3.572) and 500uM (Control M = 100.757, SE = 3.767; 100kD-5s M = 104.157, SE =
4.691) concentrations of NACA, there minimal difference in NeuN immunofluorescence
between injured and non-injured slices. However, at the 750uM NACA concentration,
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there was a significant difference between the Control (M = 51.515, SE = 1.337) and
100kD-5s (M = 95.090, SE = 4.283). In replicate 2, any slight differences in values
between Control and 100kD-5s remained consistent at each concentration of NACA,
0uM (Control M = 96.271, SE = 3.516; 100kD-5s M = 110.700, SE = 4.275), 500uM
(Control M = 99.405, SE = 4.598; 100kD-5s M = 105.448, SE = 4.031), and 750uM
(Control M = 95.947, SE = 3.675; 100kD-5s M = 104.511, SE = 4.116).
In the DG, in replicate 1, at the 0uM (Control M = 102.765, SE = 2.742; 100kD5s M = 99.340, SE = 4.139) and 500uM (Control M = 102.173, SE = 3.511; 100kD-5s M
= 104.937, SE = 4.661) concentrations, there was little variance between the NeuN
immunofluorescence between injured and non-injured tissue. However, at the 750uM
concentration, there was a significant reduction in NeuN immunofluorescence in control
slices compared (M = 62.257, SE = 1.994) to injured slices (M = 98.733, SE = 4.946). In
replicate 2, there is a modest increase in NeuN immunofluorescence in injured slices at
the 0uM (Control M = 96.820, SE = 3.680; 100kD-5s M = 120.254, SE = 4.853) and
500uM NACA (Control M = 98.802, SE = 4.505; 100kD-5s M = 118.766, SE = 4.656)
concentrations. However, this difference vanishes at the 750uM NACA concentration
(Control M = 102.891, SE = 3.845; 100kD-5s M = 102.415, SE = 6.520).
3.3.4

Estimating Reactive Oxygen Species Generation with DCF
3.3.4.1 Main Effect of Replication

There was a significant effect of Replication in all three hippocampal regions of
interest (Figure 3.20). In the CA1, F(1, 490) = 26.494, p < .001, slices from replicate 1
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(M = 120.544, SE = 1.664) had higher DCF fluorescence than slices from replicate 2 (M
= 110.066, SE = 1.840).
This same effect was seen in the CA3 region, F(1, 498) = 4.115, p = .043, with
slices from replicate 1 (M = 112.340, SE = 1.845) showing more ROS fluorescence than
slices from replicate 2 (M = 107.380, SE = 1.793).
However, this effect is reversed in the DG, F(1, 498) = 8.666, p = .003 with slices
from replicate 2 (M = 105.290, SE = 1.712) had more ROS fluorescence than slices from
replicate 1 (M = 98.711, SE = 1.569)
3.3.4.2 Effect of NACA
There was a significant effect of NACA in the CA1 region, F(1, 490) = 15.815, p
< .001 (Figure 3.21). A Bonferroni post hoc analysis revealed that both the 500uM (M =
114.529, SE = 2.010) and 750uM (M = 123.048, SE = 2.445) concentrations showed
higher levels of ROS fluorescence compared to Control slices (M = 107.744, SE =
1.898), p = .003 and p < .001, respectively. Additionally, the 750uM concentration (M =
123.048, SE = 2.445) increased ROS fluorescence above that caused by the 500uM
concentration (M = 114.529, SE = 2.010), p = .003.
3.3.4.3 Effect of Injury
There is a significant effect of Injury in all three hippocampal regions of interest
(Figure 3.22). In the CA1, F(1, 490) = 106.489, p < .001, injured slices (M = 126.478, SE
= 1.868) showed an increase in ROS compared to control slices (M = 103.834, SE =
1.368).
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This effect was also seen in the CA3 region, F(1, 498) = 73.924, p < .001, with
injured slices (M = 120.121, SE = 1.900) showed an increase in ROS compared to
control slices (M = 99.417, SE = 1.477).
The effect remained consistent in the DG as well, F(1, 498) = 35.070, p < .001,
with injured slices (M = 108.716, SE = 1.752) showed an increase in ROS compared to
control slices (M = 95.362, SE = 1.437).
3.3.4.4 Interaction of NACA and Injury
There was a significant two-way interaction of NACA and Injury in the CA1
region of the hippocampus, F(2, 490) = 7.742, p < .001 (Figure 3.23). While there is an
increase in ROS in injured slices versus control slices at every concentration of NACA,
the moderate effect at 0uM (Control M = 100.000, SE = 2.461; 100kD-5s M = 115.973,
SE = 2.630) and 500uM (Control M = 106.131, SE = 2.286; 100kD-5s M = 122.726, SE
= 3.041) is exacerbated at the 750uM concentration (Control M = 105.489, SE = 2.320;
100kD-5s M = 139.610, SE = 3.378).
3.3.4.5 Interaction of Replication, Injury, and NACA
There was a significant three-way interaction of Replication, Injury, and NACA
exposure in the CA1 region, F(2, 490) = 12.667, p < .001 (Figure 3.24). In replicate 1,
the modest effect of Injury on DCF fluorescence was fairly consistent at the 500uM
(Control M = 102.013, SE = 3.256; 100kD-5s M = 127.778, SE = 3.375) and 750uM
(Control M = 115.968, SE = 3.171; 100kD-5s M = 133.779, SE = 4.566) NACA
concentrations, but this effect was more pronounced at the 0uM NACA concentration
(Control M = 102.013, SE = 3.256; M = 127.778, SE = 3.375). However, in slices taken
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from replicate 2, there was minimal to no effect of injury at the 0uM (Control M =
98.124, SE = 3.673; 100kD-5s M =103.562), but this effect of injury was moderate at the
500uM concentration (Control M = 98.762, SE = 2.949; 100kD-5s M = 116.388, SE =
3.871) and even more pronounced at the 750uM concentration (Control M = 95.260, SE
= 2.556; 100kD-5s M = 144.934, SE = 4.852).
3.3.5

Post hoc power analyses

A post hoc power analysis was also conducted for each significant factor
(Replication, Sex, NACA, and Injury) in experiment 3 given the actual effect size
generated by running the 2x2x3x2x2 ANOVA. However, as nonsignificant factors were
collapsed and the analysis was re-run without any nonsignificant factors, an effect size
was not generated for that factor. Time was not a significant factor for any of the regions,
so no post hoc power analysis was conducted. This was done as the effect sizes used in
the a priori analyses were unknown and assumed to be small based on lack of previous
similar studies. Reporting the obtained effect sizes will allow future studies a better
estimate for a priori power analyses and running the post hoc power analyses will also
indicate if the current studies were sufficiently powered as the a priori estimated sample
sizes were larger than the amount of tissue used. For the post hoc power analysis in
G*Power, the F test/ANOVA: Fixed effects, special, main effects, and interactions was
used. The obtained Cohen’s f for each significant factor was entered along with the
sample size, degrees of freedom, and number of groups, with an alpha value of 0.05. To
aid comprehension given the number of post hoc power analyses run, data from these
analyses have been put into tables, see Tables 3.1-3.3.
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3.4

Discussion
3.4.1

Propidium Iodide
3.4.1.1 Effect of Sex

There was an effect of sex in all three regions of the hippocampus, with male
slices showing less propidium iodide than female slices. This is contrary to the majority
of the data from the previous experiments that indicate male tissue may be more heavily
impacted. While the changing of the sex effects are not ideal, it is also not inconsistent
with existing literature.
3.4.1.2 Effect of NACA
The concentrations of NACA displayed a very unexpected effect. In short, the
500uM concentration resulted in higher levels of PI compared to either the control (CA1,
DG) and/or to the 750uM (CA1, CA3, DG). The 750uM concentration did show a
decrease in PI uptake compared to the control (CA1, CA3) and/or 500uM concentration
(CA1, CA3, DG). The increased PI associated with the 500uM concentration of NACA
is puzzling. While a non-effect or even a decrease in PI would have been expected, the
minor toxicity of it given the lack of toxicity seen at the higher dose is difficult to explain
and warrants future investigation. However, given the concentrations were based
partially on existing literature (e.g., Carver and Yang, 2016; Penugonda et al., 2005) and
pilot data, it is possible that the concentrations selected were not ideal
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3.4.1.3 Effect of Injury
There was a consistent effect of injury across all regions of the hippocampus such
that tissue exposed to the injury had a much higher uptake of PI compared to the controls.
This was expected and consistent with data from the previous experiments.
3.4.1.4 Effect of Replication
In the DG, slices from replicate 1 had less PI uptake compared to the slices from
replicate 2. This difference may be due to specific uncontrollable factors between
replicates as the holes in the tissue had been remedied at this time and the effect was
much more reasonable than the exaggerated effects seen previously.
3.4.1.5 Interaction of NACA and Injury
In the CA1 and CA3, the effect of NACA was minimal in uninjured slices, across
all concentrations but the effect of the 750uM was pronounced on injured slices. While it
was possible that NACA could have been therapeutic to control slices given the trauma
associated with the dissection process, the focus was more on how it impacted injured
slices.
3.4.1.6 Interaction of NACA and Sex
In the DG, at 0uM NACA, there was no effect of sex, however, at the 500uM and
750uM NACA concentrations, female slices have higher levels of PI uptake compared to
male slices. Once again, the influence of sex on TBI outcomes is complex and warrants
further investigation (for review see Kalimon and Sullivan, 2021). In some live animal
studies, there have been differences in ROS and mitochondrial function between sexes
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following TBI (for review see Kalimon and Sullivan, 2021), but some effects were
related to the presence or addition of hormones, and the complex biochemical processes
in live animals are unlikely to be replicated perfectly in the slice cultures.
3.4.1.7 Interaction of NACA, Injury, and Replication
In the DG, tissue from replicate 2 in the control groups showed modest increases
in PI uptake above replicate 1 at every concentration of NACA. However, in the injured
tissue, at the 0uM concentration, there was a higher uptake of PI in replicate 2 above
replicate 1, no difference at the 500uM concentration, and higher uptake of PI in slices
from replicate 1 above replicate 2 at the 750uM concentration. Part of this interaction
may be due to the unexpected finding that the 500uM concentration of NACA was
slightly toxic and therefore increased PI unexpectedly.
3.4.1.8 Summary
Unfortunately, the timing and concentration for NACA used in this experiment
did not provide evidence it was effective against the damage caused by the TBI. While
undesirable, it is not necessarily surprising given the mechanism of action for NACA.
NACA works by increasing the levels of an endogenous antioxidant, glutathione (Patel et
al., 2014; Pizzorno, 2014; Sunitha et al., 2013). It is hypothesized that the damage from
the TBI occurred prior to the drug’s ability to work. One of the factors that has plagued
clinical trials for antioxidants is the short therapeutic window (Hall et al., 2010). The
drug was administered immediately following the injury to account for this, but it did not
seem to be effective. In fact, some studies have pre-treated with NACA several hours
prior to the insult (Carver and Yang, 2016). While this may have been a more effective
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strategy for a proof of concept, it is unlikely to ever occur in the human TBI population
and was therefore not used in this experiment. The effect of sex in this model, and TBIs
requires further investigation to determine the cause of conflicting and/or unexpected sex
effects.
3.4.2

NeuN/FITC
3.4.2.1 Effect of Replication

There was a modest effect of Replication such that tissue taken from replicate 2
had more NeuN immunofluorescence than tissue taken from replicate 1 in the CA1 and
DG.
3.4.2.2 Effect of Sex
The sex effect seen in the CA3 and DG is once again flipped, such that male
slices had lower levels of NeuN immunofluorescence than female slices.
3.4.2.3 Effect of NACA
Surprisingly, slices in the 750uM NACA groups showed a reduction in NeuN
immunofluorescence compared to both the Control and 500uM slices. One potential
explanation is that the decrease in cell death was non-neuronal in nature and did not spare
neurons. However, that would only explain a lack of an effect, not a reduction in NeuN.
Another possible explanation is that the increase PI seen in the 0uM and 500uM
contributed to more PI bleed through during NeuN imaging, falsely inflating the NeuN
values.
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3.4.2.4 Effect of Injury
Surprisingly, the slices that were injured displayed higher levels of NeuN
immunofluorescence than slices in the Control condition. This is unexpected an
inconsistent with data from the previous experiments. It is possible that the increased PI
uptake in the injured tissue bled through and falsely inflated the NeuN values.
3.4.2.5 Interaction of NACA and Replication
In the CA1 and DG, there was an interaction between NACA and Replication
such that the decrease in NeuN immunofluorescence was enhanced significantly in
replicate 1 versus replicate 2. This significant drop in NeuN immunofluorescence at the
750uM concentration LIKELY drove the overall effect of Replication in the DG.
3.4.2.6 Interaction of NACA and Injury
In the CA1, across the 0 and 500uM concentrations of NACA, values were
similar between injured and uninjured slices. However, at the 750uM concentration,
there was a massive decrease in NeuN immunofluorescence in the control slices
compared to the injured slices, further complicating the interpretation of these data.
3.4.2.7 Interaction of Sex and Replication
In the DG, there was a minimal effect of sex in tissue taken from replicate 2.
However, there was a significant decrease in NeuN immunofluorescence in male slices
compared to female slices in Replicate 1.
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3.4.2.8 Interaction of Replication, Injury and NACA
In the CA1, in replicate 1, at the 0uM and 500uM concentrations of NACA, there
minimal difference in NeuN immunofluorescence between injured and non-injured slices.
However, at the 750uM NACA concentration, there was a significant difference between
the Control and 100kD-5s such that there was a substantial loss of NeuN
immunofluorescence compared to the injured slices. In replicate 2, any slight differences
in values between Control and 100kD-5s remained consistent at each concentration of
NACA. In the DG, in replicate 1, at the 0uM and 500uM concentrations, there was little
variance between the NeuN immunofluorescence between injured and non-injured tissue.
However, at the 750uM concentration, there was a significant reduction in NeuN
immunofluorescence in control slices compared to injured slices. In replicate 2, there is a
modest increase in NeuN immunofluorescence in injured slices at the 0uM and 500uM
NACA concentrations. However, this difference vanishes at the 750uM NACA
concentration. The clear outlier in these regions is the significant loss of NeuN
immunofluorescence in the uninjured NACA 750uM in replicate 1. While a potential
explanation involved the bleed through of PI in the NeuN imaging for the 0uM and
500uM, it seems insufficient to explain a reduction in NeuN of this size.
3.4.2.9 Summary
The above data were relatively surprising, with many effects in the opposite
direction than would have been predicted. One thing seems to be driving the majority of
these unexpected results-the drastic and unexpected reduction of NeuN
immunofluorescence in uninjured NACA 750 slices. This is especially interesting as the
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slices in this group showed a reduction in PI uptake. Potentially replicating the
experiment to determine if this effect may be contributable to a specific litter or is
consistent and warrants further investigating may be the most beneficial next step. In
addition, altering the concentrations of NACA used or running a full concentration curve
to determine concentrations that may work better in this application could be a next step
to understanding these results.
While ROS was measured at two different time points (6 hours and 24 hours post
injury), in none of the regions was there a significant effect of time. As with the other
nonsignificant variables throughout these experiments, data were collapsed across the
non-significant variable and re-analyzed.
3.4.3

DCFH-DA
3.4.3.1 Effect of Replication

There was a significant effect of Replication across all regions of the
hippocampus, however, the effect was not consistent between regions. In the CA1 and
CA3, slices from replicate 1 had higher levels of DCF fluorescence compared to replicate
2, but in the DG, slices from replicate 2 had more ROS than slices in replicate 1.
3.4.3.2 Effect of NACA
NACA only had a significant effect on ROS in the CA1 region. The highest level
of ROS was seen in the 750uM NACA group, followed by the 500uM NACA, followed
by the 0uM NACA slices. As the drug was unlikely to been able to be effective prior to
the damage being caused, it is not surprising that the drug was not effective in reducing
ROS. However, it is possible that the relatively high concentrations used in these
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experiments had off target effects that may have disrupted normal function, resulting in
the increased ROS.
3.4.3.3 Effect of Injury
Across all regions of the hippocampus, slices in the injury groups had higher
levels of ROS compared to non-injured slices. This was expected and consistent with the
findings from experiment 1.
3.4.3.4 Interaction of NACA and Injury
In the CA1 region, uninjured slices showed a relatively consistent level od ROS
across the different concentrations of NACA. However, in injured tissue, treatment with
750uM NACA caused a drastic increase in ROS. These data suggest less that the 750uM
dose was toxic on its own as previously postulated, and may be interacting with some of
the dysregulated biochemical pathways post injury. However, it is necessary to continue
investigating this unexpected phenomenon.
3.4.3.5 Interaction of Replication, Injury, and NACA
In the CA1, in replicate 1, the modest effect of Injury on ROS fluorescence was
fairly consistent at the 500uM and 750uM NACA concentrations, but this effect was
more pronounced at the 0uM NACA concentration. In replicate 2, there was minimal to
no effect of injury at the 0uM, but this effect of injury was moderate at the 500uM
concentration and even more pronounced at the 750uM concentration
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3.4.3.6 Summary
Injury causing an increase in ROS above control slices was the only expected
result. The increase in ROS associated with NACA 750 was surprising. Given the
increase is only really seen in injured slices, it is possible that the drug is interacting
poorly with the dysregulated system following a TBI, rather than that concentration being
toxic on its own. However, all these data support that timing of the drug administration
and assessment of ROS in relation to the injury was far from ideal. It is believed that too
much damage is being done for NACA to rescue the tissue when administered post
injury. It is also possible that the concentrations of NACA chosen were not appropriate.
3.4.4

Limitations

In addition to the limitations mentioned in experiment 1, experiment had its own
unique limitations. A main limitation to experiment 3 was that only one mechanism of
injury was investigated. While ROS generation is an important factor in secondary injury
following a TBI, and data from experiment 1 implicated ROS as a promising therapeutic
target, it is important to acknowledge that the biochemical processes that perpetuate
secondary injury are multifarious and interdependent.
The timing of injury versus drug administration was not ideal. NACA
works by restoring levels of glutathione, an endogenous antioxidant. However, it is
likely that damage from the injury occurred before the drug was effective. Some other
studies using NACA have instead opted for a pre-treatment model; however, given the
improbability of treatment being on board prior to an injury, pre-treatment would
drastically hinder any translatability. Other drugs that reduce ROS related damage by
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interrupting lipid peroxidation once it has started may be better for this model. Another
timing concern is that there is no consensus on the best time to capture the increased ROS
generation following an injury.

3.5

Future Directions
While all these studies have provided some insight into the effect of this specific

TBI model has on cytotoxicity, neuron survival, and ROS generation, it has more clearly
illuminated more studies that need to be completed. First, to address concerns seen in the
present studies. Replication of studies to determine if the effects seen remain consistent,
characterization of different forces and dwell times would also be beneficial in addition
to changing staining protocols (no dual labeling), and changing timing and concentrations
of NACA and/or changing the mechanism by which ROS related damage is targeted.
The establishment of a novel model leaves an infinite number of possibilities for
future directions as well. Further characterization on the effect of injury on the slices
would be beneficial, such as staining for activated microglia, or directly assessing
mitochondrial dysfunction. Using this injuring technique multiple times may also be
beneficial for characterizing the effect of multiple TBIs on cellular damage and
dysfunction.
In terms of the studying the impact of alcohol on TBIs, other alcohol paradigms
may produce different effects, so looking at acute intoxication and CIE in addition to the
short binge/withdrawal studied here has the opportunity to greatly increase
understanding. Once the effects of alcohol are determined, looking into a therapeutic
angle to reduce any damage relted to the alcohol exposure. Alternatively, it would also be
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informative to see how an initial injury impacts the effect of alcohol on the tissue, as it
may alter the sensitivity of the cells to future insults.
Future studies should also examine other mechanisms of injury directly such as
excitotoxicity, neuroinflammation and mitochondrial dysfunction. While ROS
generations is an important component of secondary injury, the biochemical processes
triggered by a TBI are complex and intertwined.
While the present studies supplied data that requires more research into some of
the effects, it has also provided a starting point for subsequent studies to continue
increased understanding of TBIs.
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3.6

Tables and Figures
3.6.1

Post Hoc Power Analyses Tables

Table 3.1: Experiment 3 Propidium Iodide
CA 1
Factor
Sex
NACA
Injury

Sample Size
272
272
272

df
1
2
1

Groups Alpha
2
.05
3
.05
2
.05

Cohen’s f
0.1500
0.3277
2.9352

Power
0.6933
0.9989
1.0000

Factor
Sex
NACA
Injury

Sample Size
272
272
272

df
1
2
1

Groups Alpha
2
.05
3
.05
2
.05

Cohen’s f
0.1666
0.3240
2.8300

Power
0.7816
0.9987
1.0000

Factor
Sex
NACA
Injury
Litter

Sample Size

df
1
2
1
1

Groups Alpha
2
.05
3
.05
2
.05
2
.05

Cohen’s f
0.2593
0.2549
2.8591
0.1666

Power
0.9893
0.9706
1.0000
0.7817

CA 3

DG

272
272
272

Table 3.1: Post hoc power analyses for all significant main effects for PI in Experiment 3.
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Table 3.2: Experiment 3 NeuN
CA 1
Factor
Litter
NACA
Injury

Sample Size
262
262
262

df
1
2
1

Groups Alpha
2
.05
3
.05
2
.05

Cohen’s f
0.2785
0.4234
0.3407

Power
0.9943
0.9999
0.9998

Factor
NACA
Injury
Sex

Sample Size
262
262
262

df
2
1
1

Groups Alpha
3
.05
2
.05
2
.05

Cohen’s f
0.3145
0.1697
0.2571

Power
0.9971
0.7813
0.9856

Factor
NACA
Injury
Sex
Litter

Sample Size
262
262
262
262

df
2
1
1
1

Groups Alpha
3
.05
2
.05
2
.05
2
.05

Cohen’s f
0.3569
0.3389
0.1697
0.3145

Power
0.9997
0.9997
0.7813
0.9991

CA 3

DG

Table 3.2: Post hoc power analyses for significant main effects for NeuN in Experiment
3.
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Table 3.3: Experiment 3 DCFH-DA
CA 1
Factor
NACA
Injury
Litter

Sample Size
502
502
502

df
2
1
1

Groups Alpha
3
.05
2
.05
2
.05

Cohen’s f
0.2549
0.4669
0.2318

Power
0.9996
1.0000
0.9994

Factor
Injury
Litter

Sample Size
502
502

df
1
1

Groups Alpha
2
.05
2
.05

Cohen’s f
0.3848
0.0898

Power
1.0000
0.5192

Factor
Injury
Litter

Sample Size
502
502

df
1
1

Groups Alpha
2
.05
2
.05

Cohen’s f
0.2658
0.1315

Power
0.9999
0.8366

CA 3

DG

Table 3.3: Post hoc power analyses for significant main effects for DCF in Experiment 3.
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3.6.2

Methodological Figures

Figure 3.1: Figure 3.1 shows the time line in days in vitro (DIV) for assessing the effect
of NACA, an antioxidant, on cellular damage caused by the TBI model. Tissue dissected
from PND 8 Sprague Dawley rat pups and cultured on DIV 0. Tissue is plated and sent
to the incubator for five days. On DIV 5, tissue is placed into new culture media and
returned to the incubator for two days. Injury takes place on DIV 7, and tissue is then
placed into new culture media containing propidium iodide (PI), a marker for cell death
and +/- NACA. Tissue is imaged 24 hours later on DIV 8 and then fixed to allowed for
NeuN IHC to be done in the future.
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Figure 3.2: Figure 3.2 shows the time line in days in vitro (DIV) for assessing the effect
of NACA, an antioxidant, on reactive oxygen generation caused by the TBI model 6
hours post injury. Tissue dissected from PND 8 Sprague Dawley rat pups and cultured
on DIV 0. Tissue is plated and sent to the incubator for five days. On DIV 5, tissue is
placed into new culture media and returned to the incubator for two days. On DIV 7, the
tissue was subjected to injury and then immediately placed into new media containing +/NACA. Tissue returned to the incubator for five and a half hours. Then, tissue was
placed into new media containing DCFH-DA, a fluorescent marker used for ROS. After
incubating for 30 minutes, tissue was washed twice in PBS and imaged.
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Figure 3.3: Figure 3.3 shows the time line in days in vitro (DIV) for assessing the effect
of NACA, an antioxidant, on reactive oxygen generation caused by the TBI model 24
hours post injury. Tissue dissected from PND 8 Sprague Dawley rat pups and cultured
on DIV 0. Tissue is plated and sent to the incubator for five days. On DIV 5, tissue is
placed into new culture media and returned to the incubator for two days. On DIV 7, the
tissue was subjected to injury and then immediately placed into new media containing +/NACA. Tissue returned to the incubator for 23 ½ hours. Then, tissue was placed into
new media containing DCFH-DA, a fluorescent marker used for ROS. After incubating
for 30 minutes, tissue was washed twice in PBS and imaged.
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3.6.3

Propidium Iodide Graphs

Figure 3.4: Effect of Sex on Propidium Iodide Uptake. In the CA1, CA3, and DG, there
was an effect of Sex on PI uptake, such that there was more PI uptake in female slice
above male slices, p < .05. Data displayed as group means (± SEM).
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Figure 3.5: Effect of NACA on Propidium Iodide. In the CA1, CA3, and DG, the level of
NACA administered to slices altered the amount of PI fluorescence, *denotes p < .05.
Data displayed as group means (± SEM).
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Figure 3.6: Effect of Injury on Propidium Iodide. In the CA1, CA3, and DG, application
of an injuring force increased the amount of PI uptake above control slices, *denotes p <
.05. Data displayed as group means (± SEM).
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Figure 3.7: Effect of Replication on Propidium Iodide in the DG. Tissue taken for the
second replicate showed an increase in PI compared to tissue taken for replicate
1,*denotes p < .05. Data displayed as group means (± SEM).
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Interaction of NACA and Injury on PI Uptake in the CA3
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Interaction of NACA and Injury on PI Uptake in the CA1
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Concentration of NACA

Figure 3.8: Interaction of NACA and Injury on Propidium Iodide Uptake. In the CA1 and
CA3 regions, there was a minimal effect of NACA on slices in the uninjured groups
across all NACA concentrations. The effect of NACA was more pronounced on slices
that were injured at all concentrations of NACA, p < .05. Data displayed as group means
(± SEM).
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Percent Control Propidium Iodide Uptake

Interaction of NACA and Sex on PI Uptake in the DG

250
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150
100
50
0
0uM

500uM

750uM

Concentration of NACA

Figure 3.9: Interaction of NACA and Sex on Propidium Iodide in the DG. At 0uM
NACA, there was no effect of sex, however, at the 500uM and 750uM NACA
concentrations, female slices have higher levels of PI uptake compared to male slices, p <
.05. Data displayed as group means (± SEM).
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Percent Control Propidium Iodide Uptake

Interaction of Replication and NACA on PI Uptake in the DG
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150
100
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Figure 3.10: Interaction of Replication and NACA on PI uptake in the DG region of the
hippocampus. There was an increase in PI uptake at both the 0uM and 500uM in replicate
2 compared to replicate 1. However, at the 750uM concentration of NACA, there was a
decrease in PI uptake in replicate 2 compared to replicate 1. Error bars represent +/- 1
standard error.

181

Percent Control Propidium Iodide Uptake

Interaction of NACA and Injury on PI Uptake in the DG for Replicate 1
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Figure 3.11: Interaction of NACA, Injury, and Replication on Propidium Iodide in the
DG. In the control groups, tissue from replicate 2 showed modest increases in PI uptake
above replicate 1 at every concentration of NACA. However, in the injured tissue, at the
0uM concentration, there was a higher uptake of PI in replicate 2 above replicate 1, no
difference at the 500uM concentration, and higher uptake of PI in slices from replicate 1
above replicate 2 at the 750uM concentration, p < .05. Data displayed as group means (±
SEM).
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3.6.4

NeuN Graphs

Figure 3.12: Effect of Replication on NeuN Immunofluorescence. In the CA1 and DG,
tissue from replicate 2 showed increased NeuN immunofluorescence compared to tissue
from replicate 1, *denotes p < .05. Data displayed as group means (± SEM).
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Figure 3.13: Effect of Sex on NeuN Immunofluorescence. In the CA3 and DG, male
slices showed a decrease in NeuN immunofluorescence compared to female slices,
*denotes p < .05. Data displayed as group means (± SEM).
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Figure 3.14: Effect of NACA on NeuN Immunofluorescence. In the CA1, CA3, and DG,
there was an effect of NACA administration on NeuN immunofluorescence, *denotes p <
.05. Data displayed as group means (± SEM).
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Figure 3.15: Effect of Injury on NeuN Immunofluorescence. In the CA1, CA3, and DG,
there was an effect of injury on NeuN immunofluorescence, such that injured slices
showed higher levels of NeuN, *denotes p < .05. Data displayed as group means (±
SEM).
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Figure 3.16: Interaction of NACA and Replication on NeuN Immunofluorescence. In the
CA1 and DG regions, there was a small (DG) or nonexistent (CA3) effect of Replication
at the 0uM and 500uM NACA concentrations, but at the 750uM concentration, slices in
replicate 1 showed a significant decrease in NeuN immunofluorescence compared to
replicate 2, p < .05. Error bars represent +/- 1 standard error.
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Percent Control FITC Uptake

Interaction of NACA and Injury on NeuN Immunofluorescence in the CA1

150

Control
100kD-5s

100

50

0
0uM

500uM

750uM

Concentration of NACA

Figure 3.17: Interaction of NACA and Injury on NeuN Immunofluorescence in the CA1.
There was a modest effect of injury at the 0uM and 500uM, but a significant difference at
the 750uM NACA concentration, all showing that the injured slices had higher levels of
NeuN immunofluorescence, p < .05. Data displayed as group means (± SEM).
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Percent Control FITC Uptake
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Figure 3.18: Interaction of Sex and Replication on NeuN Immunofluorescence in the DG.
There was a modest effect of Sex in replicate 2, but a significant effect in replicate 1,
both indicating that female slices showed a higher level of NeuN immunofluorescence, p
< .05. Data displayed as group means (± SEM).
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Figure 3.19: Interaction of Replication, Injury, and NACA on NeuN
Immunofluorescence. In the CA1, in replicate 1, at the 0uM and 500uM concentrations of
NACA, there minimal difference in NeuN immunofluorescence between injured and noninjured slices. However, at the 750uM NACA concentration, there was a significant
difference between the Control and 100kD-5s. In replicate 2, any slight differences in
values between Control and 100kD-5s remained consistent at each concentration of
NACA, p < .05. In the DG, in replicate 1, at the 0uM and 500uM concentrations, there
was little variance between the NeuN immunofluorescence between injured and noninjured tissue. However, at the 750uM concentration, there was a significant reduction in
NeuN immunofluorescence in control slices compared to injured slices. In replicate 2,
there is a modest increase in NeuN immunofluorescence in injured slices at the 0uM and
500uM NACA concentrations. However, this difference vanishes at the 750uM NACA
concentration, p < .05. Data displayed as group means (± SEM).
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3.6.5

DCFH-DA Graphs

Figure 3.20: Effect of Replication on ROS Levels. In the CA1and CA3, slices in replicate
2 had lower levels of ROS compared to replicate 1. In the DG(C), slices from replicate 2
had higher levels of ROS compared to replicate 1, *denotes p < .05. Data displayed as
group means (± SEM).
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Figure 3.21: Effect of NACA on ROS Levels in the CA1. there was an effect of NACA
administration ROS, *denoted p < .05. Data displayed as group means (± SEM).
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Figure 3.22: Effect of Injury on ROS Levels. In the CA1, CA3, and DG, slices in the
injury groups showed an increase in ROS compared to the Control, *denoted p < .05.
Data displayed as group means (± SEM).
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Figure 3.23: Interaction of NACA and Injury on ROS Levels in the CA1. The effect of
injury increasing ROS was moderate at the 0 and 500uM NACA concentration, but was
drastically increased at the 750uM concentration, p< .05. Data displayed as group means
(± SEM).
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Figure 3.24: Interaction of Replication, Injury, and NACA on ROS Levels in the CA1. In
replicate 1, the modest effect of Injury on DCF fluorescence was fairly consistent at the
500uM and 750uM NACA concentrations, but this effect was more pronounced at the
0uM NACA concentration. In replicate 2, there was minimal to no effect of injury at the
0uM, but this effect of injury was moderate at the 500uM concentration and even more
pronounced at the 750uM concentration, p < .05. Data displayed as group means (±
SEM).
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